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Preface 


Light alloys, which encompass magnesium-, aluminium- and titanium-based 
materials, are the materials of choice for transport applications (such as 
aerospace, automotive and light rail) because of their low-density and high 
strength-to-weight ratio. Weight reduction in transport translates directly to 
fuel saving and emissions deduction, thus greatly contributing to ecologically 
and economically sustainable development. In addition, light alloys are 
attractive for some specific applications due to their unique properties. For 
example, outstanding biocompatibility makes titanium alloys the material 
of choice for body implants. 

On the other hand, the relatively poor surface properties of light alloys 
represent a serious barrier to their wider application. For example, magnesium 
alloys have a reputation for extremely poor corrosion resistance in most 
environments; therefore, corrosion protection is essential for magnesium alloys 
in many applications (see Chapter 1). Further, light alloys are characterised, 
especially in sliding situations, by poor tribological properties manifested 
as: low load-bearing capacity and low resistance to abrasion mainly due to 
low hardness; and high adhesion tendency due to relatively high ductility and 
reactivity (Chapters 2 and 3). Therefore, light alloys are normally restricted to 
applications in which tribological performance is not critical. 

Currently, however, there is a growing requirement to expand the use of 
titanium alloys to non-aerospace tribological applications. For example, it has 
long been the dream of designers to substitute titanium for steel components 
in racing-car engines to reduce the mass of valve trains, increase top speed 
and increase fuel efficiency. However, titanium alloys are characterised by 
poor wear behaviour (Chapter 3) and therefore it is impossible to use titanium 
components in valve train systems without proper surface engineering. More 
challenging examples include: water droplet erosion in longer titanium blades 
for high-efficiency low-pressure turbines, and adhesive wear of telescopic- 
action titanium tubes for aerial refuelling systems. 

Equally, while aluminium alloys and magnesium alloys have found 
increasing application, particularly in aerospace and automotive industries, 
these alloys are susceptible to surface degradation. For instance, aluminium 


XV 
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alloys are used in the space industry in launchers, space stations and satellites 
because of their lightness, adequate corrosion resistance and good cryogenic 
properties. However, UV degradation and cold welding (or adhesion) in 
vacuum are concerns for successful long-term application of aluminium 
alloys and their finishes in space (Chapter 18). Similarly, the poor corrosion 
resistance of magnesium alloys in some service environments has limited 
further expansion of applications (Chapter 6). 

Therefore, the clear and major challenge to surface engineering researchers 
and engineers, from both the scientific and technological viewpoints, is how 
to improve the surface properties of light alloys. During the past two decades, 
many surface engineering technologies have been developed to combat 
surface related failures such as corrosion, wear and fatigue of steels. The 
central problem is that surface engineering of light alloys is more difficult 
than it is for steels. 

Firstly, there is no martensitic transformation hardening in light alloys: 
either there is no martensitic transformation — in magnesium alloys and 
aluminium alloys — or martensite in titanium alloys is not hard. Consequently, 
light alloys cannot be effectively hardened by induction hardening and, in most 
cases, it is difficult to provide a hardened subsurface for thin hard coatings. 
For this reason, although thin hard coatings could provide light alloys with 
improved tribological properties in terms of low-friction and wear, provided 
the applied load is low, the plastic deformation of the substrate, resulting from 
high contact stresses, gives rise to collapse of the coatings — the so-called ‘thin 
ice effect’. 

Secondly, there is always an oxide film, thin or thick, on the surface of light 
alloys. These oxide films confer good corrosion resistance to aluminium alloys 
(AI1,0; film) and titanium alloys (TiO, film). However, such oxide films may 
cause difficult problems for surface engineering. They can reduce the bonding 
strength of surface coatings (for example, varying success of Ni plating) or 
retard diffusion of interstitial alloying elements during thermochemical 
treatment. 

Thirdly, light alloys are very active and have strong affinity with oxygen, and 
therefore high purity gases must be used to prevent surface oxidation during 
thermochemical treatment (e.g. plasma nitriding of aluminium alloys). 

Extensive research has been conducted to develop advanced surface 
engineering technologies for light alloys. However, surface engineering of 
light alloys has not yet been covered in a single book. Therefore, the objective 
of this book is to present a comprehensive review of the current status of 
surface engineering of light alloys. It can be divided into three sections, 
starting with a discussion on the surface degradation of light alloys (Chapters 
1 to 3), followed by a portfolio of advanced surface engineering technologies 
applicable to light alloys (Chapters 4 to 15) and finishing with some application 
case studies (Chapters 16 to 18). Among these advanced surface engineering 
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technologies, plasma electrolytic oxidation treatment (Chapters 5 and 6) and 
ceramic conversion treatment (Chapter 14) are designed for light alloys. 

The editor would like to take this opportunity to thank all the contributors, 
who are world-leading experts in their own research areas, for their willingness 
to share their time and knowledge. The contributions of Woodhead Publishing 
Limited, Rob Sitton, Lucy Cornwell and Francis Dodds are gratefully 
acknowledged. Finally, I must express my special gratitude to my family for 
their love, encouragement and support. 


H. Dong 
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Corrosion behavior of magnesium alloys 
and protection techniques 


G.-L. SONG, General Motors Corporation, USA 


Abstract: Magnesium alloys have low corrosion resistance and exhibit 
unusual corrosion behavior in aqueous environments. This chapter briefly 
summarizes the corrosion characteristics of Mg alloys, such as hydrogen 
evolution, surface alkalization, macro-galvanic damage and micro-galvanic 
effect, etc. It also discusses the influences of chemical composition of 
matrix, secondary phase, and impurities, etc. on the corrosion performance 
of Mg alloys. Following that, a potential strategy is presented to mitigate 
their corrosion. 


Key words: magnesium, corrosion, protection. 


1.1 Introduction 


Magnesium and its alloys have a high strength/density ratio and have found 
many successful applications, particularly in the automotive and aerospace 
industries (Song, 2005b, 2006; Makar and Kruger, 1993; Aghion and Bronfin, 
2000; Polmear, 1996; Bettles et al., 2003a and b). However, the poor corrosion 
resistance of existing magnesium alloys in some service environments has 
limited the further expansion of their application. Existing investigations 
have clearly suggested that the corrosion of Mg alloys is unusual in terms 
of their corrosion behavior (Song, 2004a, 2005b, 2006, 2009a 2009c; Song 
and Atrens, 2007; Winzer et al., 2005, 2007, 2008; Wan et al., 2006; Wang 
et al., 2007). For more successful application of Mg alloys, it is important 
to understand their characteristic corrosion phenomena. This chapter 
systematically summarizes the corrosion characteristics of Mg alloys in order 
to better understand their corrosion performance. Based on this, a potential 
strategy is proposed to mitigate their corrosion. 


1.2 Corrosion behavior of magnesium (Mg) alloys 


Mg alloys follow a corrosion mechanism different from other engineering 
metallic materials such as steel, aluminum alloys, and zinc. On pure Mg ora 
Mg alloy, it is well known that the overall corrosion reaction can be written 
as (Makar and Kruger, 1993; Song and Atrens, 1999; Song, 2005b, 2006): 


Mg + 2H* — Mg”* + H, (in an acidic solution) [1.1] 
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or 


Mg + 2H,O — Mg”* + 20H” + H) (in a neutral or basic solution) 
[1.2] 


This overall corrosion can be decomposed into anodic and cathodic reactions. 
The cathodic process is (Song, 2005b, 2006): 


2H* + 2e > H, (in an acidic solution) [1.3] 
or 

2H,0 + 2e > H,+ 20H (ina neutral or basic solution) [1.4] 
and the anodic process (Song, 2005b, 2006): 

Mg +[1/(1 + y)]H* > Mg”* + [1/(2 + 2y)]H> + [(1 + 2y/(1 + y)]e 

(in an acidic solution) [1.5] 

Mg + [1/(1 + y)]H.O > Mg”* + [1/(1 + y)]OH™ + [1/(2 + 2y)]H> 

+ [C1 + 2y)/1 + y)Je (na neutral or basic solution) [1.6] 


where y is the ratio of Mg* turning into Mg”* over reacting with H,O to 
produce H). 


The detailed anodic and cathodic reactions under a steady corrosion condition 
have been illustrated previously (Song et al., 1997a, 1997b; Song, 2005b; 
Song and Atrens, 1999, 2003). In general, the anodic dissolution occurs 
mainly in a film-free area, while in a film covered area the anodic dissolution 
is negligible. The cathodic reaction, which is mainly a hydrogen evolution 
process, can take place in both film-free and film-covered areas, but the 
reaction rate in a film-free area is much faster than the rate in a film-covered 
area, particularly if impurity particles are present there. 

If Mg is cathodically polarized to a very negative potential, Mg is fully 
covered by a thin film and there is no film-free area. Thus, the anodic 
dissolution of magnesium is very low, almost zero. However, the cathodic 
hydrogen evolution can still occur on the thin film surface at such a negative 
potential. The hydrogen evolution rate will decrease as the polarization 
potential becomes more positive until a critical potential E,, is reached. At 
E,,, the surface film starts to break down and both the hydrogen evolution 
and the Mg anodic dissolution become easier. The dissolution of Mg produces 
intermediate Mg* which subsequently leads to generation of hydrogen. In 
other words, there are two mechanisms of hydrogen evolution; one is a 
normal cathodic hydrogen evolution process driven by negative polarization 
potentials, and the other is a magnesium dissolution induced reaction. The 
process is schematically illustrated in Fig. 1.1. 

The reactions involved in the process are as follows: 


Mg > Mg* +e [1.7] 
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Mg* + H,0 > Mg?** + Hp 
A 


Mg* + H,0 > Mg?* + Ho 


H 
Ho : ‘ la 
2 
| le 
e7| Impurity Mg meu 4 e 


(a) (c) 


1.1 Electrochemical corrosion and negative difference effect on the 
magnesium surface (Song, 2005a): (a) at a very negative cathodic 
potential; (b) at the critical potential E,,; (c) at a potential more 
positive than Ep. 


then: 

2Mg* + 2H* > 2Mg** + H, (in an acidic solution) [1.8] 
or 

2Mg* + 2H,O > 20H” + 2Mg”* + Hy 


(in a neutral or basic solution) [1.9] 


The anodic dissolution rate of Mg (Eq. 1.7) increases as the polarization 
potential or current becomes more positive. This produces additional 
hydrogen at a more positive potential via the reactions in Equations 1.8 
or 1.9. The hydrogen evolution occurring in a corroding (film-free) area is 
termed ‘anodic hydrogen evolution’ (AHE ), because it is closely associated 
with the anodic dissolution process. One important aspect is that it becomes 
faster as the anodic polarization potential becomes more positive, as if it 
were an anodic process (see Fig. 1.2). This differs from the normal cathodic 
hydrogen evolution (CHE) in that hydrogen evolution can occur on either 
the film-free or the film-covered areas, and decreases with positively shifting 
polarization potential in the cathodic region (see Fig. 1.2). 


1.2.1. Hydrogen evolution 


The overall corrosion Equations 1.1. or 1.2 suggest that the dissolution of Mg 
is always accompanied by hydrogen evolution. This corrosion-related hydrogen 
evolution is also applicable to Mg alloys in aqueous solutions (Song ef al., 
1998, 2001, 2005a; Song and Atrens, 1998, 2003; Song and St John, 2002), 
including engine coolants (Song and St John, 2004, 2005) and simulated 
body fluids (SBF) (Song and Song, 2006, 2007; Song, 2007b). In a severe 
corrosion process, Mg particle undermining (Mg particles falling into solution 
due to the surrounding material being completely corroded) may take place. 
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1.2 Hydrogen evolution and Mg dissolution rates: (a) Mg in 1N NaCl 
(pH 11) (Song et al., 1997b); (b) Mg in 1N Na,SO, (pH 11) (Song et al., 
1997a); (c) AZ21 (matrix phase) in 1n NaCl (pH 11) (Song, 2005b); (d) 
AZ91 ingot in 1N NaCl (pH 11) (Song, 2005b); (e) diecast AZ91 in 1N 
NaCl (pH 11) (Song, 2005b); (f) sand cast MEZ in 5wt% NaCl (Song, 
2005b). 
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1.2 Continued 


However, this process has been shown to have no influence upon either of 
the reactions in Equations 1.1 or 1.2 (Song et al., 1997b). Therefore, for Mg 
and Mg alloys in an aqueous solution, the hydrogen evolution phenomenon, 
which includes cathodic hydrogen evolution (CHE) and ‘anodic hydrogen 
evolution’ (ACE), is one of the most important features. 

Having realized that the hydrogen evolution is closely associated with the 
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corrosion of Mg and its alloys, a simple hydrogen evolution measurement 
technique was first employed by Song et al. (1997b) to estimate the corrosion 
rate of Mg. After further illustration of the theory and analysis of possible 
errors inherent to this method (Song, 2005b, 2006; Song ef al., 2001), it 
has also been widely used on many Mg alloys (Song, 2005a; Song and St 
John, 2002; Hallopeau et al., 1999; Bonora et al., 2000; Eliezer et al., 2000; 
Mathieu et al., 2000). 

According to Equations 1.1 and 1.2, dissolution of one Mg atom always 
corresponds to the generation of one hydrogen gas molecule. In other words, 
if there is one mole of hydrogen evolved, then there must be one mole of 
magnesium dissolved (Song ef al., 2001; Song, 2005b, 2006). Measuring the 
volume of hydrogen evolved is equivalent to measuring the weight-loss of 
a corroding Mg alloy, and the measured hydrogen evolution rate is equal to 

the weight-loss rate if they are both converted into the same unit (e.g. mole 
per minute). 


The experimental set-up for measuring hydrogen evolution is straightforward 
(Song et al., 2001) and can simply consist of a burette, a funnel and a beaker 
(see Fig. 1.3a). This set-up can also be combined into an electrolytic cell 


| 7 


—O——— Glass 
tube 
CE | | 
pa Burette 
Electrolyte cell oy a 
: 4 Water [- 
Solution | = 
Specimen | a = 
Specimen [=--|'~~~ ci = 
holder . =i = 
Specimen = = 
] = = 
Plastic 
tube 
(a) 


(b) 
1.3 Schematic illustration of the set-up used to measure the volume 
of hydrogen evolved. (a) Simple set-up for short-term corrosion 
measurements (Song et al., 1997b); (b) Combination of hydrogen 
evolution and electrochemical measurements (Song and St John, 
2002). 
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for electrochemical measurements (see Fig. 1.3b) (Song and St John, 2002). 
The overall theoretical error of this technique is less than 10% (Song et 
al., 2001). In practice, the corrosion rates of various Mg alloy specimens 
measured by the hydrogen evolution method have been found to be in very 
good agreement with those measured by weight loss (Song ef al., 2001). 
Furthermore, the hydrogen evolution measurement has several advantages 
over the traditional weight-loss measurement (Song 2005b, 2006): 


(i) smaller theoretical and experimental errors; 

(ii) easy to set up and operate; 
(iii) suitable for corrosion monitoring of magnesium and its alloys; and 
(iv) no need to remove corrosion products. 


1.2.2  Alkalization 


A relationship between the dissolution of Mg and the generation of OH or 
consumption of H* during the corrosion of Mg alloys is also given by either 
Equation 1.1 or 1.2. Similar to hydrogen evolution, the production of OH” or 
consumption of H* always accompanies the corrosion of Mg and its alloys, 
which can result in an increased pH value for the solution. However, the 
pH increase levels-out at ~10.5, even though the corrosion will continue 
at this pH value. This is a result of the deposition of Mg(OH), at this pH 
(Song, 2005b, 2006). The additional hydroxyls generated at this pH level 
are consumed by dissolved Mg”* through deposition of Mg(OH) , which 
stabilizes the pH value of the solution at approximately 10.5. 

The surface of a corroding Mg alloy always experiences an alkalization 
process because either hydroxyls are generated or protons are consumed 
directly in the corroding area. It has been estimated that the local pH value 
of the solution adjacent to a Mg surface can be around 10.5 even if the bulk 
solution is acidic (Song, 2005b, 2006; Nazarrov and Mikhailovskii, 1990) 
(see Fig. 1.4). 

The alkalization effect can change according to the ratio of the surface 
area of the Mg alloy over the volume of the solution it is exposed to. A more 
significant alkalization effect is likely with a larger Mg alloy specimen in a 
smaller volume of solution. For example, under an atmospheric corrosion 
condition, only a thin aqueous film stays on the surface of a Mg alloy. This 
is a case of a large specimen with a small volume of solution, which can 
easily result in a strong alkalization effect. Hence, the corrosion of a Mg 
alloy in an atmospheric environment is normally less severe than under an 
immersion condition (Song et al., 2004b, 2006b; Wan et al., 2006). 

The alkalization effect has also been utilized to monitor the corrosion 
rate of a Mg alloy. For example, Bo-Young Hur et al. (1996) and Weiss 
et al. (1997) tried to measure the change in pH value or concentration of H* 
of the solution in order to monitor the corrosion process of a Mg alloy. The 
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114 


10 - 


pH 


1.4 Estimated alkalinity (pH;) of solution adjacent to Mg surface vs 
bulk solution pH, (Song, 2006). 


pH method may be convenient in monitoring the corrosion of Mg alloys in 
a neutral solution in the initial stage. However, it is not as reliable as the 
hydrogen evolution technique. Firstly, the alkalization is dependent on the 
volume of the testing solution, which can vary in different experiments and it 
is difficult to compare corrosion rates measured at different ratios of surface/ 
volume. Secondly, in the later stages of corrosion, as considerable Mg has 
been dissolved and the solution has become Mg(OH), saturated, the pH value 
of the testing solution will be stable at 10.5 and will not increase further, 
even though the corrosion rate may still be high. Thirdly, the dissolution of 
carbon dioxide from air could influence the pH value of the testing solution 
and result in a faulty corrosion indication. Lastly, in a strong acidic or basic 
solution the variation of the pH value is not sufficiently sensitive to reflect 
the change of proton or hydroxyl concentration. 


1.2.3. Macro-galvanic corrosion 


Mg has the highest chemical activity of the engineering metals. Because the 
standard equilibrium potential of Mg/Mg”* is as negative at -2.4V_yyp (Song, 
2005b; Perrault, 1978), Mg and its alloys normally have a very negative 
open-circuit (or corrosion) potential (around —1.5V_yyp) in a neutral aqueous 
environment). This means that Mg alloys are always the anode if they are 
in contact with other engineering metals. 

Macro-galvanic corrosion is an anodic dissolution process of an anode 
accelerated by the cathodic reactions on a cathode that is in electrical contact 
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with the anode. In theory, the galvanic corrosion rate (ig) is determined by 
(Song et al., 2004b): 


i, = (Ec-Ea)/(Ra + Re + Rs + Rm) [1.10] 


where Ec and Ea are the open-circuit (corrosion) potentials of cathode and 
anode respectively in a given electrolyte; Rc and Ra are the cathode and 
anode polarization resistances; and Rs and Rm are the solution and electronic 
resistances between the anode and cathode, respectively. 

The corrosion potential difference (Ec-Ea) between the anode and cathode 
is the first critical variable determining the galvanic corrosion rate iy. As 
presented in Table 1.1, the corrosion potential of Mg in a NaCl solution is 
the least noble among the engineering metals and in fact, is over 600 mV 
more negative than zinc, which is second in the galvanic series. Based on 
corrosion potentials, engineering metals exposed to seawater can be ranked in 
a galvanic series from active (negative) to passive (noble) (Hack, 1995): 


Magnesium—> magnesium alloys > zinc — galvanized steel — aluminum 
1100 — aluminum 6053 —> Al clad > cadmium — aluminum 2024 > 
mild steel + wrought iron —> cast iron > 13% Cr stainless steel, type410 
(active) > 18-8 stainless steel, type 304 (active)  18-12-3 stainless 
steel, type 316 (active) — lead—tin solders — lead — tin > muntz metal 
— manganese bronze —> naval brass — nickel (active) — 76Ni-6Cr-7Fe 
alloy (active) > 60Ni-30Mo-6Fe-1Mn — yellow brass — admiralty brass 
— aluminum brass — red brass > copper — silicon bronze 70:30 


Table 1.1 Corrosion potentials for common metals and alloys in wt. 3~6% 
NaCl solutions (Song, 2007a) 


Metal Corrosion potential (V_yHe) 
Mg -1.73 
Mg alloys —1.67 
Mild steel, Zn-plated -1.14 
Zn -1.05 
Mild steel, Cd-plated 0.86 
Al (99.99%) -0.85 
Al alloy (12%Si) -0.83 
Mild steel -0.78 
Cast iron -0.73 
Pb -0.55 
Sn -0.50 
Stainless steel 316, active -0.43 
Brass (60/40) -0.33 
Cu -0.22 
Ni -0.14 
Stainless steel, passive -0.13 
Ag -0.05 
Au 0.18 
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cupro nickel — G-Bronze — Silver solder — Nickel (passive) > 76Ni- 
16Cr-7Fe alloy (passive) — 13% Cr stainless steel, type410 (passive) > 
titanium — 18-8 stainless steel, type 304 (passive) > 18-12-3 stainless 
steel, type 316 (passive) — silver — graphite — gold —> platinum 


Mg and its alloys are at the most active end in this series, and thus they 
always act as the anode if in contact with other engineering metals. Because 
of the large difference between their corrosion potentials (Ec-Ea), the galvanic 
corrosion tendency is always significant between a Mg alloy and another 
engineering metal. 

Equation 1.10 also suggests that the galvanic corrosion is determined by 
the anodic and cathodic polarization resistances (Ra and Rc). Mg and its 
alloys normally have a low anodic polarization resistance (Song, 2004b, 
2009b Song, et al., 1997a, 1997b, 2004a) while the cathodic polarization 
resistance of other metals in a neutral solution resulting from diffusion 
controlled oxygen reduction is relatively large. For a specific Mg alloy in a 
given solution whose corrosion potential and anodic resistances are fixed, 
the corrosion potential and the cathodic polarization resistance of a cathode 
metal will have a decisive influence on the galvanic corrosion of the Mg 
alloy (Song et al., 2004b). A metal with a noble potential and relatively low 
cathodic polarization resistance will severely accelerate the corrosion of the 


Table 1.2 Standard equilibrium potentials of typical metals in aqueous solution 
(Bard and Faulkner, 1980) 


Reactions Standard equilibrium potential (V_ynHe) 


Au* +e = Au 1.68 
Pt?* + 2e = Pt ~1.2 
Pd?* + 2e = Pd 0.83 
Ag*+e=Ag 0.7996 
PtCl?- + 2e = Pt + 4Ci 0.73 
Cu++e=Cu 0.522 
Ag2O + H20 + 2e = 2 Ag + 20H” 0.342 
Cu** + 2e = Cu 0.3402 
Pb2* + 2e = Pb —0.1263 
Sn** + 2e = Sn -0.1364 
Ni2* + 2e = Ni -0.23 
Co?* + 2e = Co -0.28 
PbSO, + 2e = Pb + SO -0.356 
Cd?* + 2e = Cd -0.4026 
Fe?* + 2e = Fe -0.409 
Cr** + 2e = Cr -0.557 
Ni(OH), + 2e = Ni + 2OH™ -0.66 
Zn** + 2e = Zn -0.7628 
Mn** + 2e = Mn -1.029 
ZnOS + 2H,O + 2e = Zn + 40H -1.216 
Al?* + 3e = Al (0.1M NaOH) -1.706 
Mg + 2e = Mg** -2.4 
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Mg alloy. It is well known that Fe, Co, Ni, Cu, W, Ag and Au metals are 
much nobler than Mg alloys in an aqueous solution (Tables 1.1 and 1.2) and 
have relatively low hydrogen evolution over-potentials (lower than 500mV, 
i.e. low cathodic polarization resistance). Thus, these metals in contact with a 
Mg alloy can form galvanic corrosion couples and result in serious galvanic 
corrosion damage to the Mg alloy. This type of galvanic couple should be 
avoided. Unfortunately, aluminum, steel and galvanized steel are widely used 
engineering materials and are quite often used together with Mg alloys. In 
this case, steel is the most detrimental and AI the least harmful to Mg alloys 
(Avedesian and Baker, 1999; Song et al., 2004b). 

In Equation 1.10, Rm can also significantly affect the galvanic corrosion 
current. If it is large enough (for example, in the case where the anode and 
cathode are separated by an insulator), then the galvanic corrosion will stop. 
Unfortunately, the anode and cathode are normally electrically connected 
and thus Rm = 0 in practice. Therefore, Rm is not seriously considered in 
many galvanic corrosion studies. 

The parameters involved in Equation 1.10 can determine the overall 
galvanic corrosion current, ig, which represents the overall galvanic corrosion 
of an anode (Song, 2009d). As long as all the parameters of Equation 1.10 
are measured, the overall galvanic corrosion damage can be estimated. Many 
applied studies have tried to estimate the compatibility of various materials 
(including fasteners) with Mg alloy parts, using this equation (Starostin 
et al., 2000; Gao et al., 2000; Hawke, 1987; Senf et al., 2000; Skar, 1999; 
Boese et al., 2001). 

However, in many practical applications, the distribution of galvanic current 
density, I,, over a Mg alloy component surface is of greater concern as it 
cannot simply be predicted by Equation 1.10. The distribution of galvanic 
current density is closely associated with the parameter Rs, which is dependent 
on the geometric configuration of the solution path for the galvanic current 
between the anode and cathode. For a simple, one-dimensional galvanic 
couple consisting of a Mg alloy and another metal, an analytical prediction of 
the galvanic current density distribution is possible (Waber and Rosenbluth, 
1955; Kennard and Waber, 1970; Gal-Or et al., 1973; McCafferty, 1976, 
1977; Melville, 1979, 1980). It has been reported that the galvanic current 
density has an exponential distribution (Song et al., 2004b; Song, 2009d). This 
can be confirmed experimentally (refer to Fig. 1.5) by direct measurement 
of the distribution of galvanic current density of a Mg alloy in contact with 
another metal under a standard salt spray condition (Song et al., 2004b). 

A specially designed ‘sandwich’-like galvanic probe (See Fig. 1.6) (Song 
et al., 2004b; Song, 2009d) can be used for these measurements. The measured 
galvanic current density exponentially decreases with the thickness of an 
insulating spacer, which implies that the galvanic corrosion can still be 
significant even when the thickness of the insulating spacer between a Mg 
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1.6 Configuration of a ‘sandwich’ like probe used to measure the 
galvanic current (Song et al., 2006b). 


alloy and steel is as large as 9 cm under a salt spray condition (Song, 2005b, 
2006; Song ef al., 2004b). It seems that insertion of an insulating spacer 
may reduce but cannot eliminate galvanic corrosion. The reason is that the 
insulating spacer does not completely block the ionic current path. 

When the geometry of a galvanic couple becomes complicated, experimental 
measurement of the galvanic corrosion rate using the above ‘sandwich’ 
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galvanic probe will be difficult. In this case, computer modeling is an option 
(Klingert et al., 1964; Doig and Flewitt, 1979; Fu, 1982; Sautebin et al., 
1980; Helle et al., 1981; Kasper and April, 1983; Munn, 1982; Munn and 
Devereux, 1991a, 1991b; Miyaska et al., 1990; Aoki and Kishimoto, 1991; 
Hack, 1997). There are already a few successful studies of the galvanic 
corrosion of Mg alloys by computer modeling (Jia et al., 2004, 2005a, 2005b, 
2006, 2007). Nevertheless, experimental measurement of the polarization 
curves of the coupling metals is still important in numerical analysis and 
computer modeling. Polarization curves are required as boundary conditions 
in computer modeling. Due to the negative difference effect, alkalization 
effect, ‘poisoning’ effect, and ‘short-circuit’ effect, etc. (Song, 2005b, 2006; 
Song et al., 2004b), current computer modeling techniques cannot, at this 
time, comprehensively simulate a practical macro-galvanic process and quite 
often there are significant deviations between computer-modeled data and 
measured galvanic corrosion results. 


1.2.4 Micro-galvanic effect 


The surface of Mg or a Mg alloy cannot be perfectly uniform and, as 
such, it is impossible for anodic and cathodic reactions to occur uniformly 
throughout the entire surface. Due to this non-uniformity in terms of the 
composition, microstructure and even crystal orientation, galvanic couples 
can be formed within a Mg alloy. These micro-galvanic cells dominate the 
corrosion of the alloy. Within the Mg alloy, the Mg matrix always acts as 
a micro-anode and is preferentially corroded (Song, 2005b, 2006, 2007a). 
For the micro-cathode, it could be: 


(i) areas with significantly different solid solution concentrations of alloying 
elements within the matrix phase; 
(ii) secondary phases along grain boundaries; and/or 
(iii) impurity-containing particles. 


1.2.5 Corrosion of matrix phase 


In a magnesium alloy, the matrix phase is a major constituent and its 
corrosion performance is responsible for the corrosion behavior of the alloy. 
Therefore, the corrosion of a magnesium alloy is actually a problem of the 
matrix phase. 

In the matrix, which is a solid solution, its solute has an important influence 
on its corrosion behavior. For an Al-containing Mg alloy, the matrix phase is 
a Mg-Al single phase which becomes less active as the Al content increases 
(Song, 2005a Song, ef al., 1998, 1999, 2004a). Figure 1.7 shows that the 
corrosion rate of the matrix decreases as the Al content increases. 
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1.7 Average corrosion rates of Mg-Al single phases in 5wt% NaCl for 
3 hours (Song et al., 2004a). 


More importantly, the difference in solid solution concentration can result 
in differences in corrosion potential and anodic/cathodic activity, as shown 
in Fig. 1.8a. 

These differences can lead to the formation of a micro-galvanic cell within a 
grain because the Al content is higher along the grain boundary than the grain 
interior for a cast Mg-Al alloy. The Al content in the solid solution can vary 
from 1.5wt % in the grain center to about 12wt % along the grain boundary 
(Dargusch et al., 1998). Therefore, the difference in electrochemical activity 
and corrosion resistance can be significant, even within the same grain of a 
Mg-Al alloy. Experimental evidence for the differences between the grain center 
and boundary is the corrosion morphology of an AZ91E alloy as presented 
in Fig. 1.9 (Song, 2005a). The corrosion occurs mainly in the interior areas 
of @ grains and the grain boundary areas are much less corroded. 

In the group of non-Al containing alloys, the matrix typically contains Zr as 
a grain refiner. The role of Zr in corrosion is remarkable and is as important 
as Al is for the Al-containing alloys. An example is presented in Fig. 1.10 to 
demonstrate the relationship between Zr addition and corrosion resistance. It 
can be seen that the central areas of many grains remain uncorroded while 
the grain boundaries have been severely corroded, which is converse to the 
corrosion morphology of Al-containing Mg alloys (refer to Fig. 1.9 and 
Fig. 1.10). It was found (Song, 2005a; Song and St John, 2002) that the 
distribution of Zr in the grain is not uniform. The grain center is rich in Zr, 
which is thought to be the reason for its higher corrosion resistance. 

These results suggest that a typical Mg alloy cannot be uniform because 
of the non-uniformly distributed solid solution within the matrix phase. This 
non-uniformity can generate micro-galvanic cells. Therefore, before the alloy 
is homogenization-treated, localized corrosion attack in some particular areas 
is inevitable. 

In high purity Mg (in which there is no micro-galvanic effect caused 
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7.8 Polarization curves of Mg and Mg alloys in corrosive solutions: 
(a) Diecast AZ91 and sand cast MEZ alloys in 5wt% NaCl (pH 11) 
(Song et al., 2004a), (b) Mg-Al matrix phase and secondary phase in 
NaCl at pH 11 (Song et al/.,1998). 


by impurities or different solid solution concentrations), different exposed 
crystal planes, i.e. different crystal orientations, can still produce different 
electrochemical activities. Figure 1.11 shows a few pure Mg grains having 
different depths of corrosion after immersion in an acidic solution (Liu et al., 
2008). The corrosion depths of different crystal planes were compared and it 
was found that the corrosion rates on the three lowest index planes follows 
the following increasing order (Liu et al., 2008): 


(0001) < (1120) < (0110) 


The different corrosion rates of individual grains can be ascribed to their 
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1.9 Corrosion morphologies of AZ91E after a four hour immersion in 
5% NaCl (Song 2005a). 
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1.10 Optical micrograph of the surface of a Mg-RE-Zr alloy after 
immersion in 5% NaCl for three hours (Song and St John, 2002). 
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1.11 Typical cross-sections after corrosion of pure Mg in 0.1 nN HCl 
solution for 15 h (Liu et a/., 2008). 


unique orientation or the unique crystal plane exposed to the corrosive 
solution. The corrosion rate of a metal can, to some extent, be correlated to 
its surface energy (Ashton and Hepworth, 1968; Abayarathna ef al., 1991; 
Buck and Henry, 1957; Weininger and Breiter, 1963; Konig and Davepon, 
2001) which, in turn, is associated with its atomic density. It is well known 
that pure Mg has a hexagonal crystallographic cell with axes: a = b = 0.3202 
nm, c = 0.5200 nm and angles: a = 6 = 90°, y = 120°. The atomic densities 
of the three lowest index planes can be calculated (Konig and Davepon, 
2001) to be 1.13 x 1015, 6.94 x 10'4 and 5.99 x 10'4, respectively. Different 
crystal planes have different electrochemical activities when they are exposed 
to an aqueous solution. The atoms in the lower surface energy planes are 
more difficult to dissolve or corrode away. Therefore, the lowest index plane 
(0001) has the lowest energy and should be dissolved slower than the other 
surfaces. This has been evidenced by a dependence of the corrosion resistance 
of a crystal plane on its atomic density (Liu et al., 2008). 


1.2.6 Influence of secondary phase 


Almost all the Mg intermetallic phases are nobler than the magnesium matrix 
itself and many of them exist in commercial magnesium alloys as secondary 
phases (Song et al., 1998, 1999; Song and St John, 2002; Nisancioglu et al., 
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1990). These phases are cathodic to the matrix phase and can act as micro- 
galvanic cathodes to accelerate the corrosion of the matrix. For example, 
in Fig. 1.8b, the phase has not only a corrosion potential about 400 mV 
more positive but also a cathodic current density much larger than the a 
matrix phase, suggesting that the £ phase is an active cathode to the matrix 
phase. Therefore, in a magnesium alloy, the matrix can be subjected to 
micro-galvanic corrosion attack caused by the f phase. 

It is well known that the galvanic corrosion current density of a galvanic 
couple increases when the cathode electrode surface area increases. Due 
to the galvanic effect of the secondary phase, a Mg alloy is expected to be 
subjected to increasingly severe corrosion with an increasing amount of the 
secondary phase in the alloy. This has been verified by some experimental 
results. It was found (see Fig. 1.12) (Song, 2005b, 2006; Shi et al., 2005) 
that the corrosion rate of a Mg-Al alloy first increased and then decreased 
as the amount of the secondary phase f increased. The increasing corrosion 
rate with the amount of the # phase before the maximum corrosion rate 
suggests that the micro-galvanic effect was dominating the corrosion of the 
alloy. However, it has also been widely reported (Nisancioglu et al., 1990; 
Lunder et al., 1993, 1995, 1989; Ambat et al., 2000; Uzan et al., 2000; Yim 
and Shin, 2001) that the corrosion rate of a Mg alloy can decrease as the 
volume fraction of the # phase increases. Even within the same alloy sample, 
some areas having a large amount of the secondary phase can display higher 
corrosion resistance than other areas having only a small amount of the 
secondary phase. For example, a cold-chamber die-cast AZ91D has different 
microstructures in its interior and surface layer. The surface layer has a larger 
amount of the finely and continuously distributed £-phase than the interior, 
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1.12 Salt spray corrosion rates of Mg-Al alloys and their 
microstructures (Song 2005b; Shi et a/., 2005). 
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and the corrosion rate of the surface layer is about ten times lower than the 
interior under the same salt solution (Song, 2005b; Song and Atrens, 1998; 
Song et al., 1999). In this case, the galvanic effect of the secondary phase 
does not appear to be responsible for the corrosion behavior. 

In fact, the secondary phase can also play another important role within a 
Mg alloy as a barrier against corrosion. It has been found that the secondary 
phase in Mg alloys is much more stable than the magnesium matrix (Song 
et al., 1998, 2007; Song and Atrens, 2003). In AZ alloys, the -phase is 
normally not corroded if they are exposed to a NaCl solution (Song et al., 1998; 
Zhao et al., 2008a, 2008c) and in the corroded areas where the matrix phase 
has been severely corroded, the $-phase is still intact (see Fig. 1.13). 

Similarly, the secondary phase in a Mg-RE alloy is also superior to the 
matrix in terms of the corrosion resistance. Figure 1.14 shows that the 
secondary phase is still intact in corroded areas. 

The high corrosion resistance of the secondary phase in a Mg alloy can 
retard the corrosion of the alloy though a barrier mechanism. A piece of 
direct evidence is that the corrosion within the matrix phase stops upon 
reaching the # phase in an AZ Mg alloy (see Fig. 1.15) (Song, 2005a). The 
same barrier effect from the secondary phase of a non-aluminum containing 
alloy has also been found in a Mg-RE-Zr (Fig. 1.10) (Song and St John, 
2002). 

The barrier effect and the micro-galvanic effect are two different aspects 
of the role that the secondary phase plays in corrosion. In other words, the 


1.13 Microstructure of AZ91 after immersion in 1 m NaCl solution at 
room temperature for 18 h (Zhao et al., 2008a). 
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1.14 A Mg-RE alloy after immersion in 5% NaCl for three hours. The 
white contrast is the secondary phase and the black contrasts are 
corroded areas (Song and St John, 2002). 


1.15 Corrosion morphology of AZ91E after a four hour immersion in 
5% NaCl (Song, 2005a). 


secondary phase has a dual-role in the corrosion (Song, 2005b; Song et al., 
1999, 2004a; Song and Atrens, 1998, 2003). Whether the barrier effect or 
the galvanic effect of the secondary phase dominates the corrosion of a Mg 
alloy depends on the continuity and amount of the secondary phase. If the 
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amount of the secondary phase is small and the distribution is discontinuous, 
then the galvanic effect will govern the corrosion of the alloy. Conversely, 
if the secondary phase effectively separates the grains and thus acts as a 
barrier, it will retard the corrosion development from grain to grain (Song, 
2005b; Song and Atrens, 1999; Song et al., 1999; Song and St John, 2000, 
2002). This dual-role can explain many corrosion phenomena of Mg alloys. 
For example, in Fig. 1.12, the higher corrosion rate of Mg-5%AI can be 
attributed to the galvanic effect of the 8 phase in a discontinuous distribution, 
whereas for Mg-10%AI, there is sufficient 8 phase continuously distributed 
along the grain boundaries to stop corrosion from progressing across grain 
boundaries, and hence its corrosion rate is lower than that of Mg-5%Al. 


1.2.7. Detrimental effect of impurities 


A very small amount of Fe, Ni, Co, or Cu addition can dramatically increase 
the corrosion rate of Mg through a micro-galvanic effect (Hanawalt et al., 
1942; Nisancioglu et al., 1990; Lunder et al., 1995). Currently, Fe, Cu and 
Ni, which are likely to be contained in Mg alloys, are defined as Mg alloy 
impurities. 

It is well known that the over-voltages for hydrogen evolution on Fe, Co, 
Ni, Cu, etc. are less than 0.7 V. This means that Fe, Co, Ni and Cu are very 
active under cathodic polarization and that hydrogen evolution from them is 
easy and fast. Moreover, they are cathodic to Mg in most aqueous solutions. 
If these impurities are present in Mg alloys as separate phases, they will 
be effective micro-galvanic cathodes and can significantly accelerate the 
corrosion of the matrix phase. 

As stated, a very small amount of impurity present in Mg or its alloys 
can result in strikingly deteriorated corrosion performance. For each 
impurity in Mg and its alloys, there is a critical concentration, also known 
as the impurity tolerance limit, above which the corrosion rate increases 
significantly. Corrosion rates are considerably high and can be accelerated 
by a factor of 10 to 100 when the concentrations of the impurities Fe, Ni and 
Cu are increased above their tolerance limits (Hillis and Murray, 1987). If 
the impurity levels are lower than their tolerance limits, the corrosion rates 
are low and the impurities have an insignificant influence on the corrosion 
rates. A higher level of the impurity can lead to lower corrosion resistance 
for Mg and most Mg alloys (Emley, 1966; Avedesian and Baker, 1999: 
Busk, 1987; Hillis, 1983). Studies (Hillis, 1983; Frey and Albright, 1984; 
Aune, 1983) have shown that dramatic improvement of corrosion resistance 
can be realized through controlling impurity levels in a Mg alloy. For this 
reason, Dow has recommended that the following specific impurity tolerance 
limits should be used to ensure optimum salt water corrosion performance 
for AZ91: Fe < 5Oppm, Ni < 5ppm, Cu < 300ppm (Hillis, 1983). 
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It seems that the impurity tolerance limit is associated with its solubility 
in Mg alloys. When these impurities are below their tolerance limits, they are 
present in the form of solutes in the Mg solid solution. No micro-galvanic 
cells between the impurities and the Mg matrix are formed. Only after the 
contents of the impurities reach their solubility limits in a Mg alloy, can 
they precipitate as separate phases in the Mg alloy and act as galvanic 
cathodes to accelerate the corrosion. It is calculated by Liu et al. (2009) that 
the Fe tolerant limit in Mg corresponds well to the solubility of Fe in Mg. 
The Mg-Fe system has a eutectic temperature of ~650°C and a eutectic Fe 
concentration of 180 ppm. For a content of 180 ppm Fe in the Mg system, 
the liquid Mg undergoes eutectic solidification at 650°C and forms a-Mg 
containing about 10 ppm iron in solid solution. However, the region of (Mg 
+ a-Mg) is extremely narrow, such that both the pre-eutectic and eutectic 
reactions would be suppressed in practical ingot or casting production. 
Thus, commercial Mg containing less than 180 ppm Fe would solidify to 
a single a-Mg phase with a super-saturation of Fe in Mg solid solution. 
Consequently, Mg can have up to 180 ppm of Fe dissolved in the Mg solid 
solution. At a concentration higher than 180 ppm, Fe will precipitate out 
via eutectic reaction. The value of 180 ppm Fe corresponds well to the Fe 
tolerance level of 170 ppm (Song et al., 2004a; Song and Shi, 2006) or 150 
ppm (Song and St John, 2004) noted for pure Mg. 

Other alloying elements present in Mg can shift the eutectic point and 
thereby alter the impurity tolerance limits (Emley, 1966). For example, when 
a few percent of Al is added to Mg, the tolerance limit of iron decreases from 
170 ppm to a few ppm. It is calculated (Liu et al., 2008) that the eutectic point 
is shifted to a lower Fe content after Al is added and thus the Fe tolerance 
limit decreases rapidly with increasing Al content. With a higher addition 
of Al in Mg, Fe and Al can form Fe-Al phase (i.e. FeAl) particles which 
precipitate out in Mg-Al alloys and potentially act as galvanic cathodes 
(Hawke, 1975; Loose, 1946; Linder et al., 1989). This is why a Mg alloy 
with 7% Al can tolerate about 5 ppm Fe, while the tolerance limit becomes 
too low to be determined when Al concentration is increased to 10 wt% 
(Loose, 1946). Therefore, it is also understandable that different Mg alloys 
have different impurity tolerance limits (Song, 2007a; Albright, 1988). 

The solubility-related critical concentration can be extended to some other 
elements. There is a rough correspondence between the critical concentrations 
and the solubility of some elements in Mg alloys (Roberts, 1960). Only 
after the element concentration levels are greater than their solubility in the 
Mg matrix (which is a solid solution), do they start to form separate phases 
in the Mg alloy, and is the subsequent corrosion of the alloy dramatically 
accelerated. Moreover, the various cathodic activities of these elements are 
responsible for the different levels of their corrosion acceleration after their 
concentrations exceed their solubility. 
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It should be noted that Mn and Zr are two special elements in terms 
of their beneficial influence on the impurity tolerance limits. They cannot 
improve the corrosion resistance of a Mg alloy by themselves and in the 
case that their additions exceed their solubility in a Mg alloy, they may even 
deteriorate the corrosion performance of a high purity Mg alloy due to the 
galvanic effect of their precipitates (Song, 2005b, 2006). However, they 
can effectively reduce the detrimental effect of impurities in low purity Mg 
alloys. It is now well known that the iron tolerance limit in a Mg-Al alloy 
depends on the Mn concentration. A small addition (0.2%) of Mn can reduce 
the detrimental effect of impurities when their tolerance limits are exceeded 
(Hillis, 1983), resulting in increased corrosion resistance of the Mg alloy 
(Makar and Kruger, 1993; Polmear, 1992). Mn increases the iron tolerance 
limit to 20 ppm for Mg-Al alloys (Emley, 1966). It can also increase the Ni 
tolerance limit (Makar and Kruger, 1993). Similarly, Zr additions can also 
lead to a higher purity Mg by causing impurities to settle out and hence give 
a more corrosion resistant Mg alloy. 

Since the iron tolerance limit is dependent upon the Mn content in a Mg 
alloy, it is understandable that the Fe/Mn ratio is a critical factor determining 
the impurity tolerance limits (Hillis and Shook, 1989; Zamin, 1981). A nearly 
direct proportionality has been observed between the Fe/Mn ratio and the 
corrosion rate (Nisancioglu et al., 1990). It is assumed that Mn reduces the 
corrosion rate by the following two mechanisms: First, Mn combines with Fe 
in the molten Mg alloy during melting and forms intermetallic compounds 
which settle to the melt bottom, thereby lowering the iron content of the 
alloy. Second, Mn encapsulates the iron particles that remain in the metal 
during solidification, thereby making them less active as micro-galvanic 
cathodes. The beneficial effect of Zr is also associated with the reaction of 
Zr with impurities to form heavier intermetallic particles which quickly settle 
out due to their high density in the molten Mg. Therefore, the addition of 
Zr can purify Mg alloys or increase impurity tolerance limits. 


1.3 Corrosion mitigation strategy 


The purpose of a comprehensive understanding of corrosion is to effectively 
mitigate the corrosion damage of metals, which means development of suitable 
approaches to retard the corrosion. A successful corrosion mitigation strategy 
needs effective approaches, and in each approach the key is selection and 
development of corrosion protection/prevention techniques. There are no 
fundamental differences in the corrosion protection principles for Mg alloys 
versus other conventional metals. However, due to the unique corrosion 
characteristics and behavior of Mg alloys, the detailed corrosion prevention 
techniques will have some unusual requirements. 
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1.3.1. Typical approaches and possible techniques 


Numerous corrosion prevention/protection techniques have been, and are 
being, developed for Mg alloys in various applications. In this section, 
the fine details of those possible corrosion prevention techniques will not 
be covered; however, the advantages and disadvantages of a few typical 
approaches will be briefly compared. 


Reasonable design 


An ideal design can ensure that a Mg alloy in a given service environment has 
the lowest thermodynamic possibility for, and the highest kinetic resistance to, 
corrosion. A successful corrosion protection design is one of the most cost- 
effective corrosion mitigation approaches. A simple modification in design 
may lead to huge savings in subsequent corrosion protection. There are many 
factors to consider in design although, because there are a large number of 
limitations in practical service, a perfect design is unlikely to be achieved. 
However, a reasonable one can be pursued if the following two basic aspects 
are considered: (i) alloy selection and (ii) component geometry. 


Cathodic protection 


Cathodic protection of a metal normally requires the applied cathodic protection 
potential to be more negative than the equilibrium potential of the metal to 
be protected. Mg has a very negative equilibrium potential (~—-2.7 V). An 
existing engineering metal cannot act as a sacrificial anode to offer cathodic 
protection for a Mg alloy, as it is unlikely to have a potential more negative 
than this value. Nevertheless, cathodic protection can theoretically still be 
provided by an imposed cathodic current. Certainly, this requires a very high 
cathodic current density which can lead to intensive hydrogen evolution and 
low current efficiency, and may not be acceptable in practical applications. 
Moreover, the cathodic protection may charge hydrogen into a Mg alloy (Mg 
can store a certain amount of hydrogen at room temperature), which could 
lead to an embrittlement problem. Therefore, traditional cathodic protection 
is not a practical approach for Mg alloys. It is, at least, not recommended 
for use currently. However, according to Fig. 1.2a, the Mg dissolution can 
become nearly zero while the hydrogen evolution rate reaches the minimum 
at a potential between its corrosion and equilibrium potentials. This means 
that there is the possibility that an effective cathodic protection of Mg alloys 
can be achieved at a less negative potential than that theoretically required. 
This would make cathodic protection possible for Mg alloys in practice. 
Certainly, to make it practical, several issues should be addressed first. For 
example, is there always such a minimum hydrogen evolution point for Mg 
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alloys in any corrosive environment? Is this point stable in practice? How 
is its long-term effectiveness? 


Development of corrosion resistant alloys 


Improving the corrosion resistance of Mg alloys through a change in their 
chemical composition, phase constituent and distribution, and/or other 
micro-structural characteristics is the most reliable and trouble-free corrosion 
mitigation approach. However, it is difficult and will be a long-term goal. 

The critical part of a Mg alloy is its matrix, which is a weak region 
preferentially suffering from corrosion attack according to the analysis in 
previous sections. Therefore, the key to this approach is transforming the 
matrix phase into an inert or passive state. 

From a thermodynamic point of view, there may be a theoretical possibility 
of reducing the tendency of oxidation or dissolution of Mg through alloying 
with inert elements. However, due to the high chemical activity of Mg, 
the addition of alloying elements needs to be in large amounts, which will 
significantly change the physical properties of Mg. To date, it is known 
that the elements lighter than Mg are more active than Mg, thus making it 
impossible for Mg to become inert through alloying. Even though an inert 
Mg alloy is achievable in theory (by alloying with heavy noble metals), the 
alloy will be quite heavy and will have lost the advantage of low density. 

From a kinetic point of view, corrosion-resistant Mg alloys may be 
achievable through alloying with highly passive elements. This idea of 
significantly improving the passivity of Mg alloys appears to be more 
practical than the proposal of an inert Mg alloy, but it is far from easy. 
All the known highly passive elements (such as Ti, Al, Cr, and Ni) have a 
limited solid solubility in the Mg matrix phase. None of them, even with 
an addition up to its solid solubility limit, can really make Mg passive in a 
corrosive solution, e.g. 5wt% NaCl. Nevertheless, there is still a possibility 
that some highly passive alloying elements form a super-saturated solid 
solution with Mg in the matrix phase, thereby making the matrix passive. 
Certainly, such a super-saturated passive alloy is difficult to obtain through 
traditional alloying production methods. Some innovative techniques should 
be considered, including new casting processes (e.g. semi-solid casting, 
rapid solidification, vapor deposition (CVD and PVD), sputtering and cold 


spray). 


Alloy modification 


Alloy modification is different from the approach of developing corrosion 
resistant alloys. It only slightly modifies an existing alloy, without significantly 
changing its basic composition and phase constituent. This can be realized 
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through several techniques, such as: (i) purification, (ii) passivation of impurity, 
(iii) modification of composition and phase distributions. Generally speaking, 
the improvement of corrosion resistance by this approach is not dramatic, but 
the approach is attractive for its compatibility with Mg alloy production and 
processing. For example, heat-treatment is a common practice for some Mg 
alloys and it has been found that the corrosion resistance of some Mg alloys 
can be improved through carefully designed heat-treatments (Song et al., 
2004a; Zhao et al., 2008a, 2008b, 2008c). A disadvantage of this approach 
is that some mechanical properties of Mg alloys may also be changed after 
alloy modification, which could be undesirable in some cases. 


Surface modification and treatment 


Sometimes, it is difficult to improve the corrosion resistance without sacrificing 
the mechanical performance of an alloy. In this case, surface modification 
or treatment is a favorable option, because surface modification or treatment 
occurs only on the surface layer of a Mg alloy and the bulk alloy is left 
unchanged. 

Surface modification and treatment can lead to enhancement of anodic and/ 
or cathodic polarization resistance, isolation of anodic or cathodic phase, or 
elimination or reduction of electrochemical differences between anodic and 
cathodic phases. These effects can be achieved by various methods, such 
as: (i) surface cleaning, (ii) ion implantation, (iii) laser treatment, (iv) hot 
diffusion, (v) surface conversion and (vi) anodizing. It should be stressed that 
hot diffusion is relatively inexpensive and is suitable for a large surface area 
(Zhu and Song, 2006; Zhu et al., 2005) compared with ion implantation or 
laser treatment; and anodizing is more corrosion resistant (Shi et al., 2001, 
2005, 2006a, 2006b, 2006c; Blawert et al., 2006) than surface conversion. 


Coating 


A protective coating for a Mg alloy refers to an independent layer applied 
on the Mg alloy. It is different from the surface modification or treatment, 
as Mg alloy surfaces normally do not participate in a reaction or experience 
a significant change under the coating. The coating can: (i) effectively 
separate the Mg alloy substrate from the corrosive environment and/or (ii) 
considerably increase the polarization resistance of the alloy substrate and 
hence dramatically retard its corrosion. 

Coatings can be obtained by many methods for Mg alloys and they can 
be metallic, oxide/hydroxide, organic, etc. Deposition on a Mg surface in 
a normal aqueous plating bath is difficult due to the intensive hydrogen 
evolution and the rapid oxide or hydroxide formation. In addition, a modern 
electro- or electroless-plating technique must be cost-effective, non-toxic 
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and environmental friendly. This makes the development of a new plating 
technique for Mg alloys more difficult. Pinholes are common defects in a plating 
layer and, in many cases, a plating layer with pinholes can even worsen the 
corrosion performance of a Mg alloy due to micro-galvanic corrosion in the 
pinholes. The most attractive feature of a plated coating for an Mg alloy is its 
metallic characteristics, which are important in some practical applications. 
CVD and PVD techniques can also deposit metallic coatings on Mg alloys. 
Recently, hot-spray, cold spray and magnetic sputtering techniques have been 
tried to form a corrosion resistant coating for Mg alloys. They are all capable 
of producing a metallic coating on Mg alloys, but at a relatively high cost. 

Organic coating can be a cost effective method to separate a Mg alloy 
from its corrosive environment and hence protect it from corrosion attack. 
Many organic coatings can be applied to Mg alloys, such as normal paints, 
E-coatings, sol-gel coats, and electro-polymerized coats. However, due to 
the high surface alkalinity of Mg, which is not favorable to many organics, 
Mg alloys normally need to be surface-treated prior to the application of an 
organic coating. Organic coating is a mature corrosion protection technique 
and there are many organic coating brands available for Mg alloys. As long 
as Mg alloys are properly surface-treated, these coatings can be applied in 
the same manner as they are used for conventional metals. 


Environmental modification 


Environmental parameters to corrosion are as important as the composition 
and microstructure of an alloy. A change in environment can significantly 
alter the corrosion rate of a Mg alloy. Hence, modification of the environment 
can be a strategic method for corrosion prevention of a Mg alloy. 

It is difficult to modify an open environment. If a Mg alloy is in a closed 
service environment, modification of the environment is possible. It is also 
possible to modify a local environment after an open system is partially 
isolated. Basically, modification of the environment includes increasing 
the pH value, reducing the concentration of aggressive species, and adding 
passivators or inhibitors (Song, 2007a; Song and Song, 2007). Under 
atmospheric conditions, keeping the air dry is also a very effective method 
for controlling the corrosion of Mg alloys (Song et al., 2006b). Environmental 
modification, if achievable, is relatively cost-effective compared with other 
approaches. However, environmental impact and health hazards are major 
concerns. 


1.3.2 Selection of corrosion protection techniques 


Mitigating the corrosion of a Mg alloy is not done to simply reduce the 
corrosion rate. Many issues other than corrosion performance need to be 
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considered as well, as there may be conflicts between improving corrosion 
resistance and other key properties. Some basic principles should be followed 
in selecting a corrosion protection approach. 


Enhancement of corrosion resistance 


Any considered approach or technique should first be able, to the greatest 
degree, reduce the corrosion damage of Mg alloys. Mg alloy corrosion 
mechanisms differ from those of conventional metals and thus it is quite 
possible that some corrosion prevention measures suitable for conventional 
metals may not be so effective for Mg alloys. An inappropriate corrosion 
protection technique may even accelerate corrosion damage. It is dangerous 
to estimate the effectiveness of existing corrosion mitigation techniques, 
which were originally developed for conventional metals, on Mg alloys 
simply based on previous experience. 


Compatibility with other properties 


Corrosion resistance is only one of the important properties of Mg alloys. 
It is quite common that designers, engineers, or users, are more concerned 
about the mechanical performance of a Mg alloy rather than corrosion 
performance. Usually, only after the mechanical properties of a Mg alloy 
have met application requirements, is the alloy tested and improved for its 
corrosion performance. In this case, the improvement of corrosion resistance 
should not deteriorate the mechanical or other properties that have met the 
design requirements. Moreover, low density is one of the most attractive 
features of Mg alloys for which they have found many applications. 
Improving the corrosion performance of a Mg alloy should not compromise 
this advantage. There are still other unique properties of Mg alloys which 
make them irreplaceable in some applications. These should be preserved 
when corrosion protection measures are taken. 


Combination of various corrosion mitigation approaches 


In applications, there are usually many practical requirements for corrosion 
protection. Meeting all these requirements is difficult with one corrosion 
mitigation technique alone. However, it is possible that some of the 
requirements are met by one corrosion mitigation method and others by a 
different corrosion protection technique. Hence, all the requirements may 
be met through a combination of several corrosion prevention techniques 
together. Each corrosion mitigation technique has its own advantages and 
disadvantages. When various corrosion mitigation methods are combined, they 
may strengthen the advantages and offset the drawbacks of each other. 
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Cost, toxicity and environment impact 


Direct economic cost can include immediate investment and ongoing expenses, 
and is always a critical issue when selecting corrosion prevention techniques. 
Mg alloys are in a position to compete against Al alloys in many cases. If 
the overall economic cost of a corrosion mitigation scheme for a Mg alloy 
is higher than the benefits gained from its mass savings over an Al alloy, the 
corrosion mitigation method is unlikely to be adopted, unless the Mg alloy 
has some unique properties so important that Al alloys or other materials in 
the application cannot meet. Apart from the direct economic cost, there are 
significant indirect social costs, such as health and environmental impacts. 
It is pity that some very effective corrosion prevention techniques are toxic 
to human or hazardous to the environment. 


1.4 Future trends 


As a result of their unique properties, Mg alloys have a variety of potential 
applications, particularly in the automotive and aerospace industries. There is 
no doubt that the corrosion problem of Mg alloys is becoming a significant 
issue, especially as the demand for lighter engineering metals increases 
and the cost of corrosion prevention for Mg alloys becomes relatively low 
compared to the increasing energy cost of using other materials. Therefore, 
some topics will become ‘hot’ in the field of Mg corrosion and protection: 


1.4.1. Innovative surface conversion/treatment and 
coating techniques 


Surface conversion/treatment and coating techniques are the most cost-effective 
approaches of immediately improving the corrosion performance of Mg alloys 
in some applications. Currently, it is already a ‘hot’ topic in corrosion and 
protection of Mg alloys. In theory, all the surface engineering approaches 
used for conventional metals may be applicable to Mg alloys. However, 
due to the unique surface properties of Mg alloys, further developments of 
innovative technical details are still required. In fact, new surface conversion/ 
treatment and coating techniques are urgently needed for Mg alloys in many 
applications and the relevant research should be prioritized. 


1.4.2 Corrosion database for Mg alloys in typical 
environments 


As arelatively new material, there is a lack of understanding of the corrosion 
behavior of Mg alloys in given service environments. The application of 
Mg alloys requires this information, particularly the long-term corrosion 
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behavior. Unfortunately, Mg alloys are only recently increasingly considered 
for various applications. It is impossible to estimate or predict their long-term 
corrosion behavior, based on the existing experience of other conventional 
metals or some short-term lab corrosion results of the Mg alloy. Therefore, 
a collection of long-term corrosion exposure results will be an essential task 
in the field of Mg alloy corrosion and protection. 


1.4.3 Estimation and prediction of corrosion damage for 
Mg alloys in service 


It is impossible to measure the long-term corrosion performance of Mg alloys 
in all possible service environments. Therefore, estimation or prediction of 
the corrosion behavior of Mg alloys in various corrosion environments based 
on their existing long-term corrosion results under a few typical corrosion 
environments is important and essential. This work includes establishment 
of lab and field corrosion testing methods, planning of in-situ long-term 
corrosion exposure of specimens, analysis of corroded components from real 
service environments, development of the relationship between experimental 
results and real component corrosion damage, etc. This is a challenging area 
in the corrosion and protection of Mg. 


1.4.4 Fundamental understanding of corrosion 
mechanisms 


To reasonably estimate or predict the corrosion of Mg alloys, their corrosion 
mechanisms should be understood. Using a corrosion mechanism to predict 
the corrosion performance of a Mg alloy that is actually governed by a 
different mechanism can generate a misleading result. Moreover, only after 
the corrosion mechanism of a Mg alloy in its service environment is known, 
can the most effective mitigation approach be developed. Furthermore, 
with both new Mg alloys and applications being developed, the corrosion 
mechanisms and behaviors of the new alloys and applications should also 
be investigated. Therefore, a fundamental study of the corrosion mechanism 
and behavior will be an area of great significance in the corrosion and 
protection of Mg alloys. 
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Wear properties of aluminium-based alloys 


C. SUBRAMANIAN, Black Cat Blades Ltd, Canada 


Abstract: Aluminium is one of the light-weight elements that form several 
engineering alloys and composites because of its unusual blend of properties 
such as low density, high strength, corrosion resistance, non-magnetic 
properties and low cost. In this chapter, a brief background on aluminium is 
described, followed by an introduction to wear and its various types. Wear 
behaviour of aluminium alloys is complex and can vary under different 
application conditions. Under sliding wear conditions, the wear rate of 
aluminium is affected by applied load, sliding speed, type of counterface 
material, etc. The influence of alloying elements on the wear behaviour is 
highlighted. The concept of wear mechanism mapping is described. 


Key words: aluminium, wear, abrasion, sliding, friction, alloys, composites, 
metal matrix composite (MMC), wear map, counterface, wear rate, 
microstructure, casting, alloying, silicon, copper, nickel, precipitation 
hardening, strengthening, wear mechanism. 


2.1 Introduction 


Aluminium (or aluminum) is an element with symbol Al and atomic number 
13. It is the third most abundant element occurring in the earth’s crust after 
silicon and oxygen. As it has very high affinity towards oxygen, aluminium 
occurs as oxide or silicate compounds. The most common ore is bauxite, which 
contains aluminium oxide from which metallic aluminium is extracted. 

Ancient Greeks and Romans used aluminium in salt form before Humphry 
Davy identified the existence of a metallic form of aluminium. Before the 
discovery of the Hall—Heroult electrolytic process, aluminium was very 
difficult to extract from its ore. It was considered more valuable than gold. 
Napoleon was known to provide gold spoons to his army generals and 
other lower ranking officials, reserving aluminium cutleries for the visiting 
royals! 

Bauxite, the main ore of aluminium, is converted to aluminium oxide 
(alumina) via the Bayer Process. The alumina is then converted to aluminium 
metal using electrolytic cells and the Hall—Heroult process. Since the Hall- 
Heroult electrolytic process requires an enormous amount of energy, most 
of the aluminium extraction plants are located where energy is cheaper. 
Aluminium and its alloys are used in many different applications ranging 
from kitchen utensils through automotive parts to aerospace components. The 
automotive industry has been spearheading the use of light-weight materials 
to reduce the total vehicle weight in order to produce fuel efficient vehicles. 


40 
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Table 2.1 shows the cast aluminium-silicon alloys used in automotive 
applications. 

The important factors in selecting aluminium and its alloys are their 
high strength-to-weight ratio, good corrosion resistance, high thermal and 
electrical conductivity, appearance, and good fabrication characteristics. 
These properties make aluminium a very important material in applications 
in the aircraft, automotive, construction, packaging and electrical machinery 
industries. 

Various elements are mixed with aluminium to form different types of 
alloys. Some of the alloying elements form solid solutions while others 
contribute to strengthening/hardening through precipitation effects. The 
extent of solid solution of an individual element in aluminium depends on 
its solid solubility limits, which can be determined from the phase diagrams. 
Precipitation hardening is a two-stage heat treatment process applicable to 
certain alloy types. 

Another method of strengthening is through cold working. This is widely 
used with certain aluminium alloys by subjecting them to cold rolling or 
some other mechanical process. The plastic deformation resulting from the 
mechanical work creates new dislocations. The strength of the alloy increases 
because of the hindrance to the dislocation movement through the complex 
interactions of dislocations. 

Metal matrix composite (MMC) materials based on aluminium are now 
commercially available. The MMC route is yet another way of making 
aluminium alloys stronger and more wear resistant. There are several types 
of second-phase particulates or fibres that can be incorporated through a 
liquid or powder metallurgy route. MMC products are stronger, stiffer and 
harder than their matrix alloys. Soft second-phase particles such as graphite 
can also been added for improved frictional and wear properties. 


2.2 Classification of aluminium alloys 


Wrought aluminium alloys are identified in the US by a four digit system. 
(This American classification system has an equivalent one in the ISO 


Table 2.1 Aluminium-silicon alloys used in automotive applications 


SAE alloy Application 

319.0 General purpose alloy 

332.0 Compressor pistons 

333.0 General purpose 

336.0 Piston alloy (low expansion) 

339.0 Piston alloy 

355.0 Pump bodies, cylinder heads 

390.0 Cylinder blocks, transmission pump and air compressor 


housings, small engine crankcase, air conditioner pistons 
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system.) The first digit indicates the alloy group according to the major 
alloying element: 


1xxx Aluminium 99.0% minimum 

2xxx Copper (1.9 — 6.8%) 

3xxx Manganese (0.3 — 1.5%) 

4xxx Silicon (3.6 — 13.5%) 

5xxx Magnesium (0.5 — 5.5%) 

6xxx Magnesium and Silicon (Mg 0.4 — 1.5%; Si 0.2 — 1.7%) 
7xxx Zinc (1 — 8.2%) 

8xxx Other elements 

9xxx Unused series 


A range of heat treatments can be applied to aluminium alloys. Homogenization 
is the removal of the segregation of alloying elements by heating after 
casting. Annealing is used after cold working to soften work-hardening 
alloys (1xxx, 3xxx and 5xxx). Hardening treatment involves solution heat 
treatment followed by the ageing of precipitation hardenable alloys (2xxx, 
6xxx and 7xxx). 

After heat treatment, a suffix is added to the designation numbers: 


O means annealed wrought products. 

T means that it has been heat treated. 

W means the material has been solution heat treated. 

H refers to non-heat treatable alloys that are cold worked or strain 
hardened. 


The non-heat-treatable alloys are those in the 3xxx, 4xxx and 5xxx 
groups. 

Cast aluminium alloys are designated by a four-digit number with a decimal 
point separating the third and the fourth digits. The first digit indicates the 
alloy group based on the major alloying element: 


1xx.x Aluminium 99.0% minimum 

2xx.x Copper (4 — 4.6%) 

3xx.x Silicon (5 — 17%) with added copper and/or magnesium 
4xx.x Silicon (5 — 12%) 

5xx.x Magnesium (4 — 10%) 

7xx.x Zinc (6.2 — 7.5%) 

8xx.x Tin 

9xx.x Others 

6xx.x Unused series 


The second and third digits indicate the alloy purity or identify the alloy type. 
In the alloys of the 1xx.x series, the second and third digits indicate the level 
of purity of the alloy — they are the same as the two digits to the right of 
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the decimal point in the minimum concentration of aluminium (in percents). 
For example, Alloy 150.0 indicates a minimum of 99.50% aluminium in the 
alloy whereas Alloy 120.1 indicates a minimum of 99.20% aluminium in the 
material. In all other groups of aluminium alloys (2xx.x through 9xx.x) the 
second and third digits signify different alloys in the group. 

The last digit indicates the product form — casting (designated by ‘0’) 
or ingot (designated by ‘1’ or ‘2’ depending on chemical composition 
limits). 


2.3 Composites 


Metal matrix composite (MMC) products based on aluminium alloys are 
increasingly being used for commercial applications in the automotive, 
aerospace and electronic industries. Aluminium-based composites contain a 
second phase in the form of particulates, continuous fibres or discontinuous/ 
short fibres, or whiskers. The process of incorporation of these reinforcements 
can range from liquid to powder metallurgy to spray deposition technologies. 
Particulate reinforcements are predominant in aluminium matrix composites. 
The key issues in the adoptation of MMC products are the high manufacturing 
cost, machining and competition from other materials. 

Aluminium alloys such as the 2000, 5000, 6000 and 7000 alloy series, 
are most commonly utilized as matrix materials in the fabrication of MMCs 
for aerospace applications. In the cast alloy series, aluminium-silicon alloys 
such as A356 are widely used. Alumina, zirconia or silicon carbide particles 
are widely used as reinforcing materials for automotive applications. 


2.4 Introduction to wear 


Wear can be defined as ‘progressive loss of material from surfaces which 
are in relative motion under load’ (Suh, 1986). Over 6% of US GDP has 
been estimated to be lost due to wear (Rabinowicz, 1984). By adapting the 
current technologies, some of these losses can be reduced. Wear reduction 
technologies can be developed by understanding the behaviour of materials 
under different conditions. There are many different classifications of wear 
described in the literature — sliding, abrasive, erosive, corrosive and fatigue 
wear. A brief overview of each wear type is given below. 


e Sliding wear. This type of wear occurs when a solid rubs against another 
solid. It has been popularly known as adhesive wear. The word ‘adhesive’ 
assumes that there is adhesion between contacting surfaces ignoring 
other possible mechanisms. Rigney (1988) has advocated the use of the 
term sliding wear instead of adhesive wear. This type of wear, is also 
described as metal-on-metal wear, as sliding occurs often between two 
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metallic surfaces. However, a metal alloy sliding on a non-metal such as 
a ceramic or a plastic can also be considered as a sliding wear couple. 
The sliding interface can be unlubricated (dry), partially lubricated, 
or fully lubricated, depending on the application. The surfaces of the 
contacting parts are generally smooth. 

Abrasive wear. Abrasive wear (or abrasion) occurs when a hard particle 
or protuberance on the surface of a body interacts with the surface of 
the component, tool or machinery. Abrasion can be two or three body, 
depending on the number of components involved in the system. For 
example, when a rough, hard surface is sliding on a softer surface, it 
is called two-body abrasion. On the other hand, when loose abrasive 
particles are present between sliding surfaces, it is termed three-body 
abrasion. 

Abrasive wear can also be termed mild or severe, depending on the 
wear rate. In very extreme cases, it is called gouging wear, where large 
chunks of metal are removed at a fast rate. 

The mechanisms by which wear occurs can also be used to further 
classify abrasive wear. For example, ploughing, cutting, cracking and 
fatigue are commonly found as micro mechanisms. 

Factors influencing abrasion include applied load, speed, angle of 
attack, abrasive particle size, shape and hardness, fracture toughness 
and lubrication. 

Erosive wear. Erosive wear (or erosion) occurs when hard particles carried 
in a stream of fluid (gas or liquid) impinge on the surface of components. 
If the particles are hard and sharp, they accelerate erosive wear rate. The 
angle of impact and the strength and toughness of the substrate material 
are important factors in determining the erosion rate. Other key factors 
that influence erosion are velocity, temperature, particle hardness, size, 
shape, volume fraction, microstructure and surface hardness. 
Corrosive wear. Corrosive wear occurs when there is mechanical action 
(wear) combined with chemical action (corrosion). Generally, there 
is a synergy between corrosion and wear, meaning that the rate of 
material loss is more than the sum of material losses due to corrosion 
or wear alone. When a surface is exposed to a corrosive atmosphere, 
the surface reacts with the environment and forms a thermodynamically 
more stable compound such as oxide. If this surface layer is disturbed 
by a mechanical process such as wear, the virgin material gets exposed, 
forming more oxide. Thus the corrosion is accelerated due to mechanical 
action. Further, the environment product may also accelerate wear as 
its hardness is often higher than the substrate material and thus it also 
causes abrasion. 

Contact fatigue wear. The repeated application of contact stress to a 
component can result in crack initiation and growth, leading to spallation 


© Woodhead Publishing Limited, 2010 


Wear properties of aluminium-based alloys 45 


of material from the surface. For example, contact fatigue occurs in 
rail/wheel contact situations, where the surface material is loaded and 
unloaded as the wheel moves on the rail. These repetitive loading and 
unloading cycles lead to fatigue. The subsurface material gets deformed 
and a crack gets initiated at a second phase particle or a defect, leading 
to the removal of a large debris particle. This leaves a crater on the 
surface. Other examples where contact fatigue is observed are in gears 
and bearings. 


2.5 Sliding wear of aluminium alloys 


As the majority of the tribological applications involving aluminium alloys 
are related to sliding wear or metal-to-metal contact, the focus in this chapter 
will be on dry sliding wear (The effect of lubrication is important in sliding 
wear situations but it will not be covered here. However, knowledge obtained 
under dry sliding conditions is useful in understanding lubricated wear 
conditions. It should be pointed out that even under lubricated conditions 
wear occurs whenever there is a breakdown of lubricant film.) The dry sliding 
wear behaviour of aluminium alloys is influenced by a number of factors 
including material factors such as chemical composition, microstructure and 
hardness, and system factors such as counterface and temperature. 


2.5.1 Chemical composition 


The aluminium alloys used in wear applications contain silicon, copper, 
magnesium, zinc and nickel as their alloying elements, along with other 
elements such as modifiers, grain refiners and impurities. 

No element is completely soluble in aluminium in the solid state. Only 
five elements have a maximum solubility of more than 5 at.% and at room 
temperature and only a few elements have a solid solubility of more than 
0.5 at.%. Therefore the extent of solid solution strengthening in aluminium 
is limited. 

Silicon is a very important alloying element for aluminium. There is very 
little solid solubility of silicon in aluminium, or vice versa. Aluminium and 
silicon form a eutectic at around 12.5 wt.%. The aluminium alloys used in 
wear applications generally contain silicon as the major alloying element. 
The hard silicon crystals offer strength and wear resistance. The key factors 
of silicon that control wear are amount, size, shape and distribution. 

Copper, with maximum solubility limits of 5.7 wt.%, is an important 
alloying element. Its solubility decreases as the temperature decreases to 
room temperature, making this alloy amenable for precipitation hardening. 
In fact, the first age hardening effect was observed in an aluminium—copper 
alloy with very fine CuAl, precipitates. As the hardness of aluminium alloys 
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increases due to precipitation, their wear resistance increases to a maximum 
around peak hardness (Subramanian, 1985). 

The addition of copper up to 4 wt.% to Al-Si alloys has reportedly increased 
their wear resistance (Eyre and Beesley, 1976). The beneficial effects of 
copper in aluminium-silicon alloys have also been studied by others (Yamada 
and Tanaka, 1987; Sukimoto, et al., 1986; Rohatgi and Pai, 1974). It should 
be noted that the addition of copper beyond its solid solubility limit forms 
second phase particles which have been reported to have an adverse effect 
on wear (Eyre and Beesley, 1976). 

Manganese forms solution up to 1.4 wt.% and it increases the hardness 
and tensile strength of aluminium. The amount of manganese is limited to 
0.7 wt.% in aluminium-silicon alloys. 

Although it has higher solid solubility limits, the amount of magnesium 
used in aluminium-silicon alloys is generally around | wt.%, because of 
poor mechanical properties at higher amounts due to the formation of brittle, 
acicular shaped intermetallic compounds. The improvement in wear behaviour 
of aluminium-silicon alloys containing magnesium is through solid solution 
hardening. 

Zinc, along with Mg, forms an important group of the aluminium alloy 
family that are age hardenable. Although it has higher solubility, the amount 
of zinc added to aluminium-silicon alloys is limited to less than 1 wt.%. A 
systematic study of the addition of zinc on wear behaviour has shown that 
higher amounts of zinc degrade the wear behaviour of aluminium alloys due 
to poor high-temperature mechanical properties (Eyre and Beasley, 1976). 

Nickel, though not used very much due to high cost, reacts with aluminium 
to form Ni;Al precipitates that increase hardness and temperature resistance. 
Its solubility is less than 0.5 wt.%, although aluminium alloys containing up 
to 4 wt.% have been studied (Rooy, 1972). Nickel additions in aluminium— 
silicon alloys can vary from 1 to 3 wt.% with associated improvement in 
wear resistance. 

Iron, if present alone, forms an intermetallic compound with aluminium 
at grain boundaries and impairs mechanical properties. When elements such 
as manganese, chromium, cobalt and molybdenum are present, iron forms 
intermetallic compounds that are less harmful to mechanical properties. 

Other elements usually added to aluminium alloys include tantalum, 
titanium and zirconium (grain refiners), sodium and strontium (eutectic 
silicon modifiers) and phosphorus (primary silicon modifier). The influence 
of refiners and modifiers on the wear behaviour is not straightforward, but 
they can change the morphologies of both eutectic and primary silicon and 
thus may affect the wear behaviour of aluminium alloys. 

The limits of equilibrium solid solubility in the ingot alloys can be overcome 
by rapid solidification and powder metallurgy (including mechanical alloying) 
methods. The abrasive wear resistance has been shown to be better in a 
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rapidly solidified alloy than in conventional ingot alloys (Rao and Sekhar, 
1986). 


2.5.2. Microstructure 


In the previous section, we have seen the role of varying alloying elements. 
Silicon and other second phases present in the aluminium matrix control the 
mechanical properties including the wear behaviour of aluminium—silicon 
alloys. Often, the role of microstructure in wear is not fully understood 
because of varying operating conditions. 

There are reports that state there is no effect of silicon on wear behaviour 
of aluminium-silicon alloys, whereas others have found a definitive advantage 
of using eutectic alloy with around 12.5 wt.% silicon. Yet another group 
has advocated a hypereutectic alloy’s better wear resistance. It has been 
speculated that uncontrolled composition and varying test conditions are to 
be blamed for this confusion (Subramanian, 1989). For example, Vandelli 
(1968) found that aluminium-17 wt.% silicon alloy has better wear resistance 
than alloys containing 14.5 or 25 wt.% silicon, but other alloying elements 
such as copper and nickel were not held constant. The alloy that had higher 
wear resistance had higher hardness, presumably due to solid solution 
strengthening by the presence of copper. Pramila Bai and Biswas (1986) 
found no variation in the wear rate of aluminium alloys with varying silicon 
contents from 4 to 15 wt.% except that pure aluminium wears slightly more 
than the aluminium-silicon alloys. They used commercial alloys with small 
amounts of other elements such as iron, manganese, titanium and copper. A 
similar observation was also made by Okabayashi and Kawamoto (1968). 
However, silicon plays a role in the transition load, i.e. the load at which the 
wear mechanism changes from fine equiaxed particles to laminar particles. 

Another controversy concerns the optimum size of silicon particles in 
wear-resistant aluminium alloys. Aluminium-silicon alloys contain eutectic 
silicon plus either primary aluminium (hypoeutectic) or primary silicon 
(hypereutectic). The size of the eutectic and primary silicon particles can 
be reduced by adding a modifier (sodium or strontium <0.05 wt.%) and a 
refiner (phosphorus <0.05 wt.%). It is well known that finer silicon particles 
lead to improved mechanical properties. 

The effects of such microstructural refinements on the wear behaviour of 
aluminium alloys have been observed. It has been reported that modifying 
the eutectic aluminium-silicon alloy increases the wear resistance of the 
alloy and its composites (Subramanian and Kishore, 1986), which is in direct 
contradiction with the study (Pramila Bai et al., 1983) where no beneficial 
effects were reported. Refinement of primary silicon in hypereutectic 
aluminium-silicon alloys has been shown to improve the wear resistance 
(Jaleel et al., 1984). It should be noted that during the sliding process, any 
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silicon in the near surface region will get fragmented and spherodized to a 
size range of 1-5 Um, irrespective of its original size (Antoniou and Borland, 
1987). 

A more recent study by Elmadagli et al. (2007) on the influence of 
microstructure (silicon weight percentage, particle size, morphology and 
alloy hardness) on the wear behaviour of aluminium-silicon alloys has 
concluded that increasing the silicon content increased the transition load 
but had minor effects on wear rates. A similar effect was noted for alloy 
hardness. On the other hand, a decrease in the aspect ratio or size of silicon 
particles increased both the wear resistance and transition load. 


2.5.3. Hardness 


If there is only one mechanical property that controls wear; it is hardness. Its 
influence on wear has been well recognized in earlier literature. According 
to Archard (1953), the wear rate of a material increases with applied load 
and decreases with hardness, as described by the equation: 


w=kL/H 
where w = wear rate 
k = wear coefficient 


L = applied load 
H = hardness of the material 


Hardness of aluminium alloys can be increased by many methods. However, 
it should be borne in mind that the method of increasing the hardness 
matters. For example, work hardening increases the material’s hardness but 
there is no corresponding increase in wear resistance. This is because the 
subsurface region gets work-hardened during sliding and any prior strain 
hardening has no effect. 

A method to increase hardness is through the solid solution strengthening 
route. As discussed earlier, many alloying elements are useful in forming 
solid solution with aluminium, but their influence is limited to their solid 
solubility limits. 

Precipitation, or age hardening, is yet another method of increasing the 
hardness of aluminium alloys. The presence of nano-sized particles (10 — 150 
nm) strengthens the materials through the interaction of dislocations with the 
particles — looping around or cutting through the precipitates under stress. The 
peak-aged alloys have been shown to offer the best wear resistance among 
this group of alloys (Subramanian,1985). However, the higher temperature 
developed during sliding under certain conditions could overage the alloy, 
leading to inferior wear performance. The stability of the second phase 
may be an important factor in controlling the wear behaviour of aluminium 
alloys. 
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Dispersion hardening or strengthening is a technique whereby hard or soft 
external particles are introduced into the aluminium alloy matrix. This group 
of materials are also called metal matrix composites (MMC). It should be 
noted that the incorporation of soft particles such as graphite does, in fact, 
reduce hardness and therefore the word ‘hardening’ is a misnomer. 

Second phase particles added externally to aluminium alloys are hard 
particles, such as alumina, zirconia, corundum, silica, fly ash and silicon 
carbide, and soft particles such as graphite, mica and coconut shell char. 
The process route is either through liquid metallurgy or powder metallurgy. 
The addition of soft particles is expected to yield lower friction and thus 
lower wear rate through solid-lubrication effects in metal-on-metal sliding 
conditions, whereas the hard particles are for increasing abrasive wear resistance 
through higher hardness. However, the combination of adding soft and hard 
particles together to aluminium alloys has also been suggested to improve 
strength and frictional properties many years ago (Subramanian, 1983). 

MMC coatings also form a distinctive group of materials whereby powders 
of aluminium alloys and hard ceramic particles or soft self-lubricating 
powders are mixed together and are formed either by a spraying method or 
a weld overlay technique such as plasma transferred arc (PTA) surfacing. 
A summary of aluminium-based MMCs that have been studied for wear 
behaviour are given by Deuis et al. (1997). 


2.5.4 Counterface 


The wear and frictional behaviour of aluminium alloys are determined using 
laboratory scale wear-test machines. The most popular wear-test methods are 
pin-on-disc and pin-on-ring machines. There are several other geometries 
available. The aluminium alloy to be tested for wear resistance can be either 
of the contacting surfaces or both. As there has been no standard counterface 
material, several different materials have been used against aluminium alloys 
in wear testing (Subramanian, 1991a). Aluminium alloy pins are frequently 
rubbed against steel or cast iron discs. In some cases, aluminum alloys are 
rubbed against themselves. 

Steels containing three levels of hardness were used as counterface materials 
in a study by Subramanian (1989). The hardness levels varied from 114 to 
770 HV. When the hardness of the steel counterface was increased, the wear 
rate of the aluminium alloy pins decreased and the transition load increased. 
Here, the transition load refers to the load at which the wear debris changed 
from equiaxed particles to laminates. 

In the same study, copper alloys containing three levels of aluminium 
were chosen as counterface materials (Subramanian, 1989). The choice of 
copper was based on the solid solubility concepts postulated over 50 years 
ago (Goodzeit et al., 1956). When two metals with high mutual solubility are 
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slid together, they exhibit a greater friction and wear than that of a sliding 
couple with less mutual solid solubility. When the amount of aluminium in 
a copper—aluminium alloy is more, the adhesion of aluminium to copper-— 
aluminium alloy is reduced due to partial saturation. 

Thermal conductivity of the counterface material plays an important 
role. The partition of the frictional heat generated at the wearing interface 
between the aluminium alloy and the counterface material depends on the 
thermal properties. For example, when a toughened ceramic was used as the 
counterface, the wear rate was higher and the wear transition occurred at a 
lower load (Subramanian, 1989, 1991a). Although it was expected that the 
high hardness of the ceramic would lower the wear rate of aluminium, the 
poor thermal conductivity of the ceramic disc made the aluminium pin hotter. 

Zhang and Alpas (1997) have has also found that thermal properties are 
responsible for wear transitions. The temperatures of the pin and disc were 
measured. Below the transition load (or speed), the temperature of the pin 
was lower than that of the disc, but above the transition line, it was vice 
versa. Artificial cooling of the wearing interface extended the wear transition 
to a higher load and speed. 

One of the main reasons why researchers have reported different wear 
rates for an aluminium alloy was that different counterface materials were 
used. The counterface materials interact with the aluminium pin differently 
in terms of asperity size, adhesion of asperities in the wearing surfaces, and 
heat generation and removal from the wearing interface. In summary, the 
influence of the counterface on the wear of aluminium alloys is through its 
hardness, solid solubility and thermal conductivity. 


2.5.5 Sliding distance 


The initial contact between aluminium pins on a counterface is very important. 
There are many ways the pin can contact the disc. The pin can have a flat, 
conical or hemispherical end touching the counterface. If a flat surface is 
used, the apparent area of contact is supposed to remain constant through the 
test. But in practice, this may not always be possible due to misalignment 
of the pin against the disc. If a pin with a hemispherical end is used, it 
starts off with a point contact (in theory) and the area of contact increases 
as it wears down, apparently reducing the applied stress or pressure. It is 
the author’s experience that in the first few hundred metres of sliding, the 
wear rate decreases, reaching an equilibrium or steady state after a certain 
distance or time (Subramanian, 1989). 

As the sliding distance increases, the pin—disc system has enough time 
to reach an equilibrium where the temperature at the interface is stable. 
The tribolayer is also well established due to transfer, back transfer and 
mechanical mixing at the rubbing surface (Zhang and Alpas, 1997). 
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2.5.6 Load 


The applied load on the wearing surface has a significant effect on the 
wear rate; wear increases with load (Subramanian, 1989). When the rate of 
increase in the wear rate of an aluminium alloy changes at critical loads, it 
often means that the mechanism of wear has changed. 

The wear mechanism map to be discussed in a later section has applied 
load as normalized stress on the vertical axis representing a ratio of the real 
area of contact to the apparent area. 

The effect of applied load on the frictional behaviour as measured by the 
friction coefficient (i.e. frictional force/applied load) is rarely significant. 
However, whenever there is a large variation in the friction coefficient, there 
is a likelihood of observing a change in the wear mechanism and/or wear rate. 
The range of friction coefficients of aluminium sliding against several metallic 
counterfaces in air generally varies from 0.4 to 0.6. Attempts to correlate 
friction coefficient to wear rate rarely has yielded a good correlation. 

As the effect of applied load on wear is more pronounced than that of 
sliding speed, the majority of the published literature has focused on the 
former. 


2.5.7 Sliding speed 


The relative speed between the sliding surfaces affects the wear rate and 
mechanisms of aluminium alloys. The temperature of the sliding surfaces 
depends on the sliding speed at which the rubbing surface moves in relation 
to the counterface. The transition from one wear mechanism to another 
occurs when the sliding speed is increased. At low speeds, the wear rate of 
aluminium alloys decreases with sliding speed, reaching a minimum, and then 
increases (Subramanian, 1991b). The trend of decreasing wear rate with speed 
is due to the increased strength of the asperities with strain rate. It is known 
that the strength of aluminium alloys increases with the rate of loading, i.e. 
strain rate. This is true up to a particular speed, above which the wear rate 
increases. This increase in wear rate is due to softening of the aluminium 
by frictional heat where the temperature effect becomes dominant. 

The wear mechanism map discussed later has sliding speed as normalized 
velocity on the horizontal axis, representing the ratio of generation to removal 
of frictional heat. 


2.5.8 Temperature 


The ambient temperature can influence the wear behaviour of aluminium 
alloys and their composites. As the test temperature is increased, the hardness 
of the material decreases, resulting in a larger true area of contact. At high 
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temperatures, the resistance to crack propagation is diminished and therefore 
there is accelerated debris formation. 

Several studies have focused on the wear behaviour of aluminium-based 
composites at high temperatures. Deuis and Subramanian (2000) have studied 
high temperature wear behaviour of MMC coatings produced by plasma 
transferred arc (PTA) surfacing. Singh and Alpas (1996) and Wilson and 
Alpas (1997) have extensively studied wear of MMCs. A more recent study 
by Kumar et al. (2009) has presented wear behaviour at test temperatures 
between 100 and 300°C of aluminium-silicon alloys containing in situ formed 
titanium diboride particles. 

All these studies conclude that addition of hard particles reduced wear 
rates and increased the mild to severe transition loads. 


2.5.9 Test methods 


There have been several test geometries used under arbitrary conditions, 
making comparison of wear data from different studies difficult. However, 
most of the studies have used either pin-on-disc or pin-on-ring geometry with 
the pin being made of the subject material, i.e. aluminium alloy. There are 
several counterface materials used, from aluminium (self-mating) through 
steels and ceramics. The steel counterface had various microstructures, from 
soft ferrite/pearlite to hard martensite. The effects of counterface materials 
on aluminium wear behaviour have been discussed earlier. 

The size, shape and stiffness of the sample holder should also be monitored, 
as this will have a significant effect on the wear behaviour of aluminium 
alloys. If the sample holder acts as a heat sink, there is some cooling and 
this will influence the transition load and speed. 


2.6 Wear maps 


Lim and Ashby (1987) introduced the concept of wear mechanism maps for 
the sliding wear of steel. This is a useful tool to describe the wear behaviour 
of steel under different sliding conditions, using normalized pressure and 
normalized velocity. The variables used in the construction of the wear 
mechanism map are described below: 


Normalized pressure, P = F/HA [2.2] 
Normalized velocity, V = vr/a [2.3] 
Normalized wear rate, W = w/A [2.4] 


Where F = applied load, N 
H = room temperature hardness, N/m” 
A = apparent area of contact, m7 
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sliding speed, m/s 
radius of the pin, m 
thermal diffusivity, m/s” 
w = wear rate, m*/m 


pmt< 
Tn 


Following the work of Lim and Ashby (1987), a qualitative wear mechanism 
map was published for aluminium alloys by Antoniou and Subramanian 
(1988). Figure 2.1 shows various regions of wear identified by wear 
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2.1 Regions of wear identified by wear debris morphology and worn 
surface topography of aluminium and the counterface. 


© Woodhead Publishing Limited, 2010 


54 Surface engineering of light alloys 


debris morphology and worn surface topography of the aluminium and the 
counterface. A few years later, Liu et al. (1991) produced a quantitative 
wear map for aluminium alloys with iso-wear rate lines superimposed on 
the wear mechanism map, Fig. 2.2. 

Various identified mechanism regions are summarized in Table 2.2. A brief 
description of each mechanism is given below (Antoniou and Subramanian, 
1988): 

Region a — Fine equiaxed particle formation. In this wear regime, tribolayers 
form on the sliding surfaces of aluminium alloy and the counterface. The 
tribolayer consists of finely ground and mechanically mixed materials from 
the sliding surfaces. It occurs through transfer and back transfer of aluminium 
and counterface materials. The environment may have a role to play, such 
as through oxidation. The extent of oxidation in the formation of these 
tribolayers is yet to be proven. There was no evidence for the presence of 
crystalline oxides but it is speculated that amorphous oxides of aluminium 
could be present. The presence of iron oxide is likely when steel counterfaces 
are used. 

Region b — Delamination of compact layer. At higher load and/or sliding 
speed, delamination of the compacted layer occurs. We can also call this 
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2.2 Quantitative wear map for aluminium alloys with iso-wear rate 
lines superimposed on the wear mechanism map (Liu et al., 1991). 
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compact layer a kind of tribolayer, as the constituents are derived from the 
sliding surfaces of aluminium and the counterface, and possibly through the 
reaction with the environment. This is a transition zone between the equiaxed 
particle formation and plastic delamination. The tribolayer continues to 
exist in this regime. However, the wear debris consists mostly of laminar 
particles detached from the tribolayer instead of only equiaxed particles as 
in Region a. 

Region c — Plastic delamination. When the applied load and speed 
are increased further, the temperature of the interface reaches a critical 
value. This makes the aluminium alloy softer and the depth of subsurface 
deformation increases. The shear instability created by the frictional force 
results in the formation of laminar particles from the surface. According to 
the delamination theory proposed by Suh et al. (1977), a crack initiates at 
a weak point, such as a defect or a second phase particle, and grows due to 
repeated application of force through the contacting asperities, leading to 
eventual formation of a laminar particle. The particle consists of aluminium 
and little or no counterface material. Generally, the environmental reaction 
product such as oxide is absent under these conditions. 

Region d — Melt wear. The surface of the aluminium alloy can reach 
temperatures close to its melting point when the applied load and sliding speed 
are very high. The molten film of aluminium would reduce the coefficient 


Table 2.2 Wear mechanisms of aluminium alloys under dry sliding conditions 
(Subramanian, 1991b) 


Region Mechanism _ Debris Worn Subsurface Counterface Wear 
surface deformation rate, 
(m?/m) 
a Fine, <5 um Dark in Yes Dark in 10713 — 
equiaxed Equiaxed appearance appearance 107'” 
particle Dark in Smooth Fairly 
formation appearance smooth 
b Compact 20-200 um Dark with Yes Dark in 10-13 — 
delamination Laminar metallic appearance 1072 
Dark in spots Rough 
appearance Smooth 
and pitted 
c Plastic 20-200 um Rough Yes Rough 10-1? 
delamination Laminar Metallic Transferred 
Metallic Pitted aluminium 
d Melt Globular Knobbly No data Transferred No data 
aluminium 
e Gross Irregular Rough No Heavy 10-11 - 
material chunks transfer of — 107"? 
transfer aluminium 
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of friction in this regime. Wear occurs through the ejection of the molten 
droplets from the wearing surface. It is very difficult to produce melt wear 
in aluminium, unlike in steel, which has lower thermal conductivity. Studies 
exploring the melt wear of aluminium are limited. Further studies are required 
in this area. 

Region e — Gross material transfer. At very high loads and sliding speeds, 
significant amounts of material get transferred between the aluminium alloy 
and the counterface. Once the disc is coated with a layer of aluminium, it 
results in like-on-like metal sliding, leading to the formation of large wear 
particles. Seizure occurs under these conditions when the real area of contact 
is equal to the nominal area of contact. 


2.7 Future trends 


Chemical composition and mechanical and thermal treatments determine the 
microstructure which, in turn, influences the wear behaviour of aluminium 
alloys. The wear behaviour is system-dependent, since the test variables such 
as the counterface affect the wear rate and wear transitions. 

One of the tools developed to understand the wear behaviour of aluminium 
alloys is wear mechanism mapping. These maps describe the wear mechanisms 
in a diagram of normalized load and normalized speed with iso-wear rate 
lines. As can be seen from the wear mechanism maps, the majority of wear 
data exists in the middle of the wear map and there is a need for more data 
in the very low load and speed regions. Ultra-mild wear data produced by 
Alpas and his team fills some of the gaps (e.g. Wilson and Alpas, 1997). As 
wear transitions are linked to the high temperature stability of aluminium 
alloys, further research should be focused on improving the high temperature 
strength of these materials as well as designing wear systems with effective 
heat removal from the rubbing surfaces. 

Abrasive wear is also of industrial importance, but the low hardness values 
of aluminium alloys make them unsuitable for such applications. However, 
incorporating hard abrasive particles, either through a liquid metallurgy or 
powder metallurgy route, makes them hard enough to provide sufficient 
resistance to abrasion for some purposes. More research needs to be carried 
out in this area. Possible options include matrix hardening, hard particle 
type and loading, and interface engineering. The development of new in-situ 
composite materials should also be explored. MMC overlay coating is also 
an option. 
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Tribological properties of titanium-based 
alloys 


H. DONG, The University of Birmingham, UK 


Abstract: Titanium-based alloys (including Ti alloys and TiAl 
intermetallics) are very attractive for many industrial sectors owing to their 
unique physical, mechanical, chemical and biological properties. However, 
titanium and its alloys are characterised by poor tribological behaviour in 
terms of high and unstable friction, severe adhesive wear, low resistance to 
abrasion, susceptibility to fretting wear and a strong tendency to seize. This 
may be related to their inherent characteristics of electron configuration, 
crystal structure, ineffectiveness of lubrication and low thermal conductivity. 
The tribological behaviour of TIA] intermetallics are very similar to titanium 
alloys. This problem can be overcome by changing the nature of the surface, 
i.e. surface engineering of titanitum-based alloys. 


Key words: wear, friction, fretting wear, titanium alloys, TiAl intermetallics. 


3.1 Introduction 


Titanium is the fourth most abundant metal, comprising about 0.63% of the 
Earth’s crust, and it is distributed widely throughout the world. It has also 
been detected in meteorites, on the moon and in stars (Bomberger et al., 1985). 
It was discovered as its oxide in 1791 and named after the giants of Greek 
mythology, the Titans (McQuillan and McQuillan, 1956). Notwithstanding 
the fact that the pure metal was first extracted in the early part of the last 
century, titanium alloys have been commercially available only for circa 
60 years. Therefore, titanium is the best known member of what are often 
called the ‘new metals’. 

The primary driving force for the rapid development of titanium and 
titanium alloys is their unusual combination of properties in terms of high 
strength-to-weight ratio, excellent resistance to corrosion and outstanding 
bio-compatibility. Titanium alloys have been the material of choice for 
the aerospace industry for more than four decades. In view of their unique 
combination of attractive properties, there is an ever-increasing demand for 
diversifying titanium alloys into such non-aerospace sectors as biomedical, 
performance sports, automotive, power generation, off-shore, general 
engineering and architecture in order to promote wealth creation and to 
increase the quality of life. 

Titanium aluminides, intermetalllics of titanium and aluminium, have low 
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densities, relative high melting points, high strength-to-weight ratios and 
high specific moduli. In addition, their strength decreases more slowly with 
increasing temperature than that of disordered alloys. Therefore, titanium 
aluminides have great potential for high-tech applications, owing to their high 
specific strength, stiffness and creep resistance at elevated temperature, and 
an excellent resistance to oxidising environments compared to conventional 
titanium alloys and steels (Pocci et al., 1994). For example, higher operating 
temperatures of gas turbine and car engines allow more efficient fuel energy 
conversion with lower toxic emissions. These attributes have been the driver 
for substituting steel with titanium alloys or titanium aluminides for weight 
saving in transportation systems. 

However, although titanium long ago crossed the barrier between laboratory 
curiosity and high-value consumer product, the poor tribological behaviour 
(in terms of high and unstable friction, severe adhesive wear, low resistance 
to abrasion, susceptibility to fretting wear and a strong tendency to seize) has 
restricted, to date, the very large-scale uptake of titanium alloys, especially 
under dynamically loaded conditions. For example, severe adhesive wear 
may occur when a titanium surface slides against any engineering surface, 
whether it is metallic, ceramic or polymeric, under a medium-to-high 
load, thus forming ‘a handful of debris’ (Fig. 3.1) (Dong, 1997). Titanium 
aluminides have similarly poor tribological behaviour (Maupin et al., 1993; 
Li et al., 2006), although they have different chemical compositions and 
crystal structures as compared with Ti and its alloys. Therefore, it is an 


3.1‘A handful of debris: a micro-scale hand holding debris’ SEM 
micrograph taken from Ti wear track (Dong, 1997). 
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important task from both a scientific and a technological point of view to 
study the tribological behaviour and mechanisms of Ti-based alloys, thus 
laying an essential basis for the development of strategies for combating the 
wear and friction of Ti-based alloys via surface engineering. To this end, in 
this chapter, the tribological behaviour of Ti-based alloys will be examined, 
the fundamental characteristics will be discussed and potential mitigation 
strategies will be put forward. 


3.2 Wear behaviour of titanium alloys 
3.2.1 Tribocontact and adhesion 


Adhesive wear may be distinguished as the most fundamental of the several 
types of wear, in the sense that adhesion is a basic phenomenon (Burwell, 
1957/58). 

Nominally-flat metal surfaces are never truly planar but are covered with 
asperities with a certain height distribution. When two surfaces are brought 
together, these asperities are flattened by plastic deformation. The summation 
of individual contact points gives the real area of contact, which is about 
10-'-10+ % of the apparent or nominal areas (Bowden and Tabor, 1950; 
Greenwood and Williamson, 1966). Real contact area depends on surface 
topography, the deformation properties of the asperities, and the normal 
forces and tangential forces which cause junction growth. 

At the regions of real contact, strong adhesion or cold-welding occurs 
and the friction force is essentially the force required to shear the junction 
formed. With sliding motion present, junction growth occurs and eventually 
junction shearing takes place. As sliding continues, fresh junctions will form 
and be ruptured in turn. If the adhesive strength is stronger than the cohesive 
strength of either of the two materials, then the junction will rupture within 
the weaker asperity. As a result, material is transferred from one surface to 
the other and some is eventually detached to form loose wear particles. 

Under atmospheric conditions, all metallic surfaces are covered with a 
layer of oxide and hence the adhesion between oxide layers at the asperity 
tips is weak, and junctions have low shear strength. However, this oxide 
layer is generally very thin (about 5-10 nm for Ti) and is easily penetrated 
by the contacting asperities, especially if the metal is not hard enough to 
provide sufficient mechanical support for the oxide. Hence the oxide is 
removed with rubbing and the exposed metal comes into contact. On the other 
hand, reoxidation of the exposed metal commences immediately, except ina 
vacuum or in an inert atmospheres. If the process of healing of the surface 
oxide predominates, the sliding surfaces are separated by the oxide film, 
with only occasional direct metallic contact, resulting in low friction and 
wear, and will be accompanied by fine oxidised debris and a smooth surface. 
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This type of adhesive wear is termed mild wear, or oxidational wear (Quinn, 
1992). 

By contrast, if the process of damaging the oxide film predominates, 
then the wear becomes worse and severe wear takes place, characterised by 
surface roughening and coarse metallic debris. Scuffing, galling and seizure 
are forms of severe wear with different degrees of surface damage (Tabor, 
1987), all of which are reported to occur in titanium alloys (Wayne et al., 
1980). Scuffing is localised surface damage associated with local solid-state 
welding between sliding surfaces (Blau, 1992a). The term is frequently used 
in describing the breakdown of a fluid or solid lubricant film, leading to 
unacceptably high friction and severe wear. Galling is a more severe form of 
scuffing and is associated with gross surface damage; it features a severely 
roughened surface, and transfer or displacement of large particles. Galling 
often refers to damage resulting from unlubricated sliding. On further sliding 
both scuffing and galling can be a destructive process leading to seizure 
of the surface and consequent gross failure of the sliding system due to 
catastrophic growth of asperity junctions (Hutchings, 1992). 


3.2.2. Adhesive wear behaviour of titanium and its alloys 


Adhesive wear occurs when a titanium surface contacts with most engineering 
material surfaces, whether they are metallic or ceramic, under force, in motion. 
Hence, titanium alloys are particularly prone to adhesive wear, leading to 
seizure and galling (Rabinowicz, 1954; Miller and Holladay, 1958/59). 
The strong adhesion tendency of Ti is clearly reflected in the high and 
unstable coefficient of friction when titanium slides against itself or other 
engineering materials. For example, it has been demonstrated that the 
coefficient of friction of polycrystalline Ti sliding against itself in vacuum 
(1.33 x 107’ Pa) ranges from 0.75 to 1.25 (Buckley, 1981). As shown in 
Fig. 3.2, the friction trace of Ti-6AI-4V alloy sliding against a tungsten 
carbide (WC) ball in air fluctuates widely throughout the whole testing 
period, indicative of the ‘stick—slip’ adhesive behaviour of Ti and its alloys 
when sliding against most engineering materials (Waterhouse and Wharton, 
1974a). This ‘stick-slip’ behaviour is closely related to the strong adhesion 
feature of titanium. The real contact area at first increases with increasing 
tangential force through junction growth and the two surfaces remain in 
adhesive contact, showing ‘stick’. Then, when the applied force exceeds 
the adhesive strength, the junction ruptures and rapid ‘slip’ of the two 
surfaces occurs. This ‘slip—stick’ cycle is repeated, accounting for the wide 
fluctuation in the friction trace. Observations of the worn tracks on the Ti- 
6AI-4V disc revealed deep grooves produced by ploughing (‘p’ in Fig. 3.3) 
and recurrent prow-like transverse ridges or adhesive spots (‘r’ in Fig. 3.3), 
which are associated with the experimentally recorded fluctuation in the 
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3.2 The friction trace of Ti-6AI-4V alloy sliding against a WC ball. 


3.3 Wear track morphologies. 


“stick-slip’ friction process. Severe wear occurs to the titanium disc when 
unidirectionally sliding against a WC ball slider in air (Fig. 3.3). 

Molinari et al. (1997) investigated the wear of self-mated Ti-6AIl-4V 
wheels (40 mm in diameter and 10 mm in thickness) in a wheel-on-wheel 
configuration using an Amsler tribometer. During the tests, one wheel rotated 
against the other stationary wheel under different loads (35 — 200 N) and 
the sliding speed between the wheel surfaces ranged from 0.3 to 0.8 ms”. 
The wear of the rotating titanium specimen was reported as a function of 
sliding speed and load as shown in Fig. 3.4. The wear rate increased with 
the applied load from about 2.57 to 17.99 x 1073 gm; for a given load, the 
wear rate first decreased and then increased with the sliding speed, with this 
minimum shifting towards lower speeds by increasing the load. The initial 
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3.4 Effect of load and sliding speed (Molinari et al/., 1997). 


decrease of the wear rate with the sliding speed could be attributed to the 
formation of oxide film because of the flash temperature induced by friction 
during dry sliding (i.e. oxidation wear). 

Severe adhesive wear of titanium occurs not only under sliding conditions 
but also under rolling—sliding conditions with oil lubrication. For example 
a similar wheel-on-wheel configuration was used to study the wear of Ti 
in a combined rolling—sliding contact (with a sliding ratio of 10%) using a 
Ti-6Al-4V wheel rolling—sliding against a hardened steel wheel under oil 
lubrication conditions. The tests revealed severe wear of the Ti-6AIl-4V 
surface with a high wear rate of 2.76 x 10-° g m™! (Dong and Bell, 2000). 
The worn surfaces were very rough, with typical adhesive wear features 
evidenced by numerous adhesive craters and deep ploughing grooves (Fig. 
3.5). Therefore, the poor wear resistance of the Ti surface is associated with 
the preferential transfer of Ti-6Al-4V onto the steel counterpart and the 
strong abrasive action of the transferred materials. 


3.2.3 Factors affecting adhesive wear of titanium 
Electron structure and adhesion 


From a fundamental viewpoint, many properties of a material are closely 
related to its electron structure. Hence, various attempts have been made 
to correlate tribological properties of a material with its electron structure. 
Based on Pauling’s (1949) findings that the d-bond character (determined 
by electron structure) for various transition metals are different, Buckley 
and co-workers (e.g. Buckley and Miyoshi, 1984) correlated the chemical 
activity and the friction coefficient with the d-bond character, and found 
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3.5 Wear morphologies of Ti-6Al-4V wheel (Dong and Bell, 2000). 


that the greater the percentage of d-bond character, the less active is the 
metal and hence the lower is the friction, as is demonstrated in Fig. 3.6. It 
can be clearly seen that since titanium possesses the lowest value of d-bond 
character (27 %), it has a high friction coefficient. 

Likewise, another theory has been developed based on Samsonov’s (1973) 
stable electronic configuration model. It is proposed that in transition metals, 
the filled (d10), unfilled (dO) and half-filled (d5) are three especially stable 
electronic configurations, of which the d5-configuration is most stable. So the 
probability for the formation of a stable electronic configuration is measured 
in terms of the statistical weight of atoms having stable d5-configurations 
(SWASC d5). When the SWASC d5 decreases (with decreasing number of 
electrons in isolated atoms), the proportion of non-localised electrons are 
correspondingly increased, thus giving rise to high adhesion and hence a 
high tendency to seize (Upadhyaya, 1982). So the poor tribological behaviour 
can be explained in terms of low SWASC d value. 

Metallic coatings such as nickel, chromium and molybdenum have been 
applied to titanium to overcome galling and seizure, presumably owing to their 
high d5 (chromium and molybdenum) and d10 (nickel) statistical weights. 
Strictly speaking, the tribological behaviour of a material depends not only 
on the material itself but on the counterpart and conditions prevailing. Thus, 
the theory based on the electron structure appears to be, to some extent, 
successful in explaining the poor tribological behaviour of titanium. 

This theory explains the seemingly abnormal experimental observations 
that laser surface alloying with nitrogen or oxygen deep-case diffusion 
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3.6 Relationship between friction coefficient and d-bond character 
(Miyoshi and Buckley, 1984). Black symbols denote coefficient of 
friction as function of theoretical shear strength. 


hardening cannot improve the sliding wear resistance of titanium alloys if 
there is no surface compound layer (titanium nitrides or oxides). Similarly, 
nano-crystallisation can effectively improve the strength and hardness of 
titanium, but no significant enhancement of tribological properties during 
sliding against steel is observed (Garbacz et al., 2007). Li et al. (2006) 
investigated the effect of heat treatment on the mechanical and tribological 
properties of Ti-Nb-Ta-Zr (beta alloy) and Ti-6AI-4V (alpha+beta alloy) and 
concluded that heat treatment that improves mechanical properties is not a 
practical way to improve the wear resistance of these alloys. This is because 
although such bulk or surface treatments can increase hardness of titanium 
alloys, they cannot change the nature of titanium. Clearly, the adhesive wear 
behaviour of titanium is determined by its nature, and increasing the hardness 
of titanium does not necessarilly improve its adhesive wear resistance. 


Crystal structure and ductility 


As has been discussed in Section 3.2.1, adhesive wear of a material involves 
metal-metal contact, plastic deformation, cold weld, growth of the junction 
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and materials transfer. Therefore, the severe adhesive wear tendency of Ti 
and its alloys is also related to their ease of plastic deformation and high 
ductility. 

Generally, metals with hexagonal structures have superior friction and wear 
characteristics relative to cubic structured metals (Blau, 1992b; Hutchings, 
1992; Rosi et al., 1952). The good tribological properties of these materials 
may be explained by their plastic deformation mechanisms, which are actually 
determined by their crystal structure. At room temperature, hexagonal metals 
plastically deform by slip on the slip plane, the closed-packed basal plane 
(0001), thus making continuous junction growth impossible, as it requires 
slip on different slip planes (Rosi et al., 1952). 

Alpha titanium, although a hexagonal metal, has an axial ratio c/a of 
1.58787, less than the ideal for closest packing (1.633). The lattice of titanium 
is compressed along the c-axis so the interplanner spacing and the atomic 
density of this plane are reduced, which tends to make the basal plane less 
favourable for slip and allows, in order of ease of operation, prismatic {1010} 
and the first-order pyramidal {10 11} slip to occur (Buckley and Johnson, 
1966). Therefore, titanium resembles the cubic metals in having multiple 
slip systems, and hence behaves more like cubic metals in terms of its high 
ductility, easy deformation and poor tribological performance. 

It thus follows that any measures that reduce the plastic deformation and 
ductility of Ti and its alloys could more or less decrease their adhesive wear 
tendency. For example, adding 3%Cu into CP Ti can reduce its ductility and 
adhesive wear, although its hardness is slightly reduced from 306 to 262HVO.1 
(Ohkubo et al., 2003). In addition, Long and Rack (2001) compared the wear 
of two metastable f titanium alloys (Ti-35Nb-8Zr-5Ta and Ti-15.5Mo-2.3Nb) 
with Ti-6A1-4V a + £ alloy under reciprocating sliding conditions against 
a hardened steel disc. All three titanium alloys have very similar hardness 
(28-30HRC) but the metastable — # titanium alloys possess a much higher 
reduction in area (55-65%) than the a + £ alloy (45%). Their tribological test 
results indicate that although the strength of the metastable / titanium alloys 
are much higher than that of Ti-6A1-4V a + £ alloy, the former exhibited a 
much greater degree of surface deformation and material transfer, and higher 
average friction, than the latter. Therefore, / titanium alloys normally have a 
lower adhesive wear resistance than their a + # counterparts, probably due 
to their higher ductility. 


Thermal conductivity 


During sliding contact of materials, friction work is transformed to thermal 
energy, and accumulation of thermal energy tends to maximise the potential 
energy at the interface (Abdel-Aal, 2003). It is well-known that titanium and 
its alloys have a much lower (17 W/mK) thermal conductivity than steel (40 
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W/mK). As a result, the friction-induced thermal energy will increase the 
flash temperature at the tribocontact of titanium asperities. This will not only 
increase the adhesion strength due to ease of diffusion but also increase the 
extent of junction growth due to increased plastic deformation and ductility. 
Therefore, the high adhesive wear tendency of titanium and its alloys is, to 
some extent, related to their low thermal conductivity. The above mechanism 
is supported by the fact that the coefficient of friction of CP Ti becomes 
lower and more stable when tested at liquid nitrogen temperature than at 
room temperature (Fig. 3.7) (Basu et al., 2009). The flash temperature at 
the tribocontact is much higher when tested in air than in liquid nitrogen. 
Therefore, the deformation mode is changed from dislocation slip at room 
temperature to twinning at cryogenic temperature. In addition, the reduced 
friction coefficient may be also related to the change of ductility at low- 
temperature, but it is known that titanium has a high ductility even at liquid 
nitrogen temperature. 


Ineffectiveness of lubrication 


Many sliding surfaces are lubricated to protect against wear and to lower 
the friction. However, it has been reported that all conventional lubricants 
(mineral oils and greases) that are successfully used for most metals have 
been shown to be completely ineffective when applied to titanium alloys 
(Rabinowicz, 1954). Without effective lubrication, it is difficult to achieve 
hydrodynamic lubrication because the lubricant film is not sufficiently thick 
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3.7 Comparison of frictional behaviour of a-Ti/steel tribocouple 
between LN2 and RT environments at a sliding speed of 0.89 ms“! 
under 10 N load (Basu et al., 2009). 
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to keep the surfaces completely apart. Consequently, direct contact between 
titanium asperities and the counterfaces will occur, leading to boundary 
lubrication. This unusual effect can mean only that no effective adsorption 
of the lubricant molecules on the titanium oxide surface has taken place. 
Additionally, the low heat conductive nature of titanium adds to the problem 
of the ineffectiveness of lubricants, possibly because this causes higher 
temperatures at contacting surfaces, resulting in some desorption of the 
boundary lubricant (Hutchings, 1992). 


3.2.4 Abrasive wear 


Abrasive wear is the removal of material from a surface by a harder material 
impinging on or moving along the surface under load. In principle, abrasive 
wear can involve both plastic flow and brittle fracture (Hutchings, 1992), 
but for most metals and alloys, abrasive wear is dominated by a plastic 
deformation mechanism. 

At the onset of abrasion, an abrasive particle penetrates into the opposing 
surface, with the penetration depth being proportional to the ratio N/H (where 
N is the applied load and H the indentation hardness of the worn surface) 
(Eyre, 1976). As sliding occurs, the particle will plough the surface, producing 
a groove, with the material originally in the groove being displaced via a 
ploughing model and/or removed as debris via a micro-cutting model (Eyre, 
1976; Hutchings, 1992). Therefore, abrasive wear rate is directly proportional 
to the applied load and inversely proportional to the hardness of the abraded 
material. It has been also found that abrasive wear rates depend, to a large 
extent, on the hardness ratio between the abraded material and the abrasive 
(Hutchings, 1992). 

It is well-known that titanium and its alloys are soft (200-350 HV), and 
they cannot be hardened by martensitic transformation as for steel. Therefore, 
the abrasive wear resistance of titanium alloys is poor. As discussed in Section 
3.2.2, during adhesive wear of titanium surfaces, some titanium transfers 
to the counterpart and thus makes it very rough. This transferred material, 
in turn, abrades the titanium surface, thus leading to severe abrasive wear. 
Therefore, adhesive wear and abrasive wear, in most cases, coexist during 
wear of titanium alloys (Alam and Haseeb, 2002). This is evidenced by the 
deep parallel grooves found in worn surfaces shown in Fig. 3.5. 

Budinski (1991) quantitatively compared the abrasive wear resistance of 
Grade 2 CP Ti and Ti-6A1-4V with a portfolio of other metallic materials 
using the ASTM G65 dry sand-rubber wheel abrasion test. The results, given 
in Table 3.1, clearly demonstrate that both grades of titanium have poor 
abrasion resistance. The abrasive wear rates of these two titanium materials 
were about seven times that for 1080 carbon steel and indeed, neither grade 
had an abrasion resistance comparable to soft austenitic stainless steel. 
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Table 3.1 Abrasive wear of various materials (Budinski, 1999) 


Material Hardness Volume loss (mm?) 
6061 T6 aluminium alloy 60HRB 1220 
Ti-6AI-4V 36HRC 650 
Grade 2 Ti 90HRB 550 
316 austenitic stainless steel (SS) 90HRB 260 
17-4 precipitation hardening SS 43HRC 220 
1018 carbon steel 24HRC 67 
D2 tool steel 60HRC 33 


Consequently, titanium and its alloys are not recommended for applications 
involving low-stress abrasion from hard particles. 


3.2.5 Fretting wear and fretting fatigue 


Fretting wear is a destructive phenomenon that occurs between two contacting 
surfaces when they experience relative movement at minute displacement 
under load. According to the relative movement of the mating surfaces, fretting 
has two modes: (i) gross-slip, where relative movement occurs across the 
entire contact interface and (ii) partial stick, where slip occurs near the edge 
of contact with no slip (i.e. stick) in the central region (mixed fretting). 

Hager et al. (2004) systematically investigated gross slip and mixed 
fretting wear regimes in Ti-6AI-4V interfaces at room temperature, using 
an ellipsoid-on-flat rigid-plate test geometry. The transition from mixed to 
gross slip was observed when increasing the displacement and/or reducing 
the normal load, which is normally accompanied with a large reduction in 
coefficient of friction, and especially the change of the shape of frictional 
logs from elliptical to quasi-rectangular. At or near the transition load or 
displacement, there is a cycle dependence transition due to the fatigue of 
formed adhesive junctions in the stick areas. Zhou et al. (1997) reported 
fretting wear induced tribological transformed structure (TTS) in Ti-6A1-4V 
interfaces owing to accumulation of plastic deformation between the mating 
surfaces. The TTS layer can form quickly in gross-slip fretting but it takes 
a long time to form the TTS layer in mixed fretting. 

During fretting of titanium alloys, multiple wear mechanisms, such as 
adhesive, abrasive and oxidative wear, can occur sequentially or simultaneously, 
and hence fretting wear is not a basic but a complex wear mechanism. It 
is known from Section 3.2.2 that titanium alloys have a high tendency for 
adhesion which causes sticking. On the other hand, titanium alloys have a 
very strong affinity to oxygen, forming lubricous rutile titanium oxide, which 
can effectively reduce interfacial friction and adhesion. Therefore, oxidation 
and formation of rutile must play an important role in the fretting wear of 
titanium alloys. 
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The effect of oxidation on the fretting wear of CP Ti at an amplitude of 
75 microns in air of 50% RH, and in nitrogen, was investigated, and the 
results indicated that the fretting wear of CP Ti was higher in air than in 
nitrogen, especially beyond 40 000 cycles (Waterhouse and Wharton, 1974). 
Waterhouse and Iwabuchi (1985) studied the fretting wear of four titanium 
alloys, IMI550, 679, 685 and 829 at 20, 400, 500 and 600°C in air. They 
found that the fretting wear of these four titanium alloys depended strongly 
on temperature. When tested at a low temperature of 20°C, considerable loose 
oxide was produced and the wear was high. At intermediate temperatures 
of 400-500°C, wear debris was compacted together by the fretting action 
to form small areas of glaze oxide, leading to reduced friction and wear. 
The lowest fretting wear was observed when tested at 600°C because of the 
formation of thin and protective oxide films. Therefore, the formation of 
oxide at elevated temperatures can effectively reduce the fretting wear and 
coefficient of friction of titanium alloys. 

Research has also demonstrated that fretting wear of Ti and its alloys is 
closely related to the counterface materials (Budinski, 1991). As shown in Fig. 
3.8, Ti-6A1-4V is quite susceptible to fretting damage when self-mated and 
mated against soft 316 austenitic stainless steel; the lowest system damage 
is obtained with a tribopair of Ti-6AI1-4V/Stellite 6B Co-Cr alloy. The test 
results suggest that the use of a hardened counterface helps to reduce fretting 
wear of Ti-6AI-4V. 

The surface damage caused by fretting wear will act as crack initiation 
sites. Therefore, the most severe consequence of fretting is a reduction in 
fatigue strength, i.e. fretting fatigue, when the small amplitude movement 
arises from the cycling stressing of one of the contact surfaces. Fretting fatigue 


Ti6A/4V vs TiBAIAV 


Ti6A/4V vs WC/Co 


Ti6A/4V vs |17-4 $S 


Ti6A/4V vs |440C SS 


Ti6A/4V vs |Stelite 6B 


Ti6A/4V vs [Chrome plate 


Ti6A/4V vs 


T T T 
30 25 20 15 10 5 0 5 10 15 20 25 30 
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f | Ti rider Counterface 


3.8 Fretting wear of Ti-6AI-4V rider against various flat counterfaces 
(Budinski, 1991). 
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has been identified as one of the causes of in-service damage related high 
cycle fatigue in the US Air Force (Nicholas, 1999). For example, fretting 
fatigue is a problem in many aerospace applications, such as the titanium 
compressor dovetail joint at the blade/disc interface. 

Titanium and its alloys are particularly susceptible to fretting fatigue, and 
mixed fretting wear is the most detrimental to fatigue life. The reductions 
in fatigue strength of CP-Ti, Ti-2.5Cu and Ti-6Al-4V at 10’ cycles due 
to fretting are 38, 55 and 63%, respectively. When tested in a corrosive 
environment, serious reduction in fatigue strength of high-strength titanium 
alloys due to fretting was observed, with a strength reduction factor of 
2.6-3.6 (Waterhouse and Iwabuchi, 1985). It is known that a reduction in 
the coefficient of friction can reduce the shear loading and thus reduce the 
crack driving force (Golden et al., 2007). 


3.3 Wear of titanium-aluminium intermetallics 


Many researchers have studied the metallurgy and mechanical properties of 
gamma-based titanium aluminides because of their attractive high-temperature 
mechanical properties, high stiffness, low density and high oxidation resistance. 
However, only limited work has been carried out in recent years to study 
the tribological properties of titanium aluminides, despite the fact that some 
proposed applications, e.g. valves in car engines and turbine blades in aero 
engines, involve contacting and relative movement. Indeed, tests of TiAI- 
based exhaust valves in a motor cylinder showed that serious wear occurred 
on both the valve tip and stem after running for 533h (Hurta et al., 1995). 


3.3.1 Sliding wear of titanium aluminides 


Chu and Wu (1995) studied the coefficient of friction (CoF) of titanium 
alluminides containing 25, 40, 50 and 53 at%Al unidirectionally sliding against 
a hardened (700 HV) steel surface under unlubricated conditions. The CoF 
increased with increasing Al content, with a value of around 0.4 for 25 at% Al 
and 0.6-0.7 for Al content between 40 and 53 at%. It is known that Ti-25A], 
Ti-40AI and Ti-53AI alloys consist mainly of single a), a. + y and single y 
phase, respectively. Therefore, it follows that the y phase possesses a higher 
coefficient of friction than the @ phase. This is echoed by the more recent 
reports by Rastkar et al. (2000) and Xia (2004) that the friction coefficient 
of y-based titanium aluminides (such as Ti-48AI-2Nb-2Mn, Ti-48AI-2Nb- 
2Cr-1B and Ti-45A]-2Nb-2Mn-1B) fell within the range of 0.5-0.8. 
Rastkar et al. (2000) investigated the friction and wear behaviour of two 
gamma-based titanium aluminides, Ti-48Al-2Nb-2Mn and Ti-45Al-2Nb- 
2Mn-1B using a ball-on-disc configuration sliding against a 10 mm hardened 
(720 HV) steel ball under loads (stresses) of 3.5 (746MPa), 10 (940MPa) and 
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20N (1184MPa) in air, without lubrication. The wear loss for both materials 
increased with sliding distance at all loads; however, except for the initial 
running wear, the wear measured was larger for Ti-45Al-2Nb-2Mn-1B 
than for Ti-48Al-2Nb-2Mn after 60m sliding. The average wear rate under 
10 N over a total sliding distance of 360 m was about 2 x 10°? mm? m! 
and 4 x 10° mm? m for Ti-48Al-2Nb-2Mn and Ti-45Al-2Nb-2Mn-1B, 
respectively. The inferior wear resistance of Ti-45Al-2Nb-2Mn-1B relative 
to Ti-48A]-2Nb-2Mn was attributed to crack initiation by the notch-shaped 
TiB, plates observed in the lamellar structure of Ti-45Al-2Nb-2Mn-1B. 
The wear tracks formed in both materials were characterised by plastic 
deformation and ploughing with mild oxidation (Fig. 3.9); after etching, the 
wear track revealed some interlamellar cracks extending into the unworn 
areas adjacent to the wear tracks. Therefore, it is believed that the wear of 
gamma-based titanium aluminides during sliding is closely related to the 
interlamellar slip, which results in the cleavage and fracture of lamellae in 
the worn area. The fractured lamellae may be fragmented under subsequent 
abrasion into some wear debris. 

Xia (2004) directly compared the wear of y-based Ti-48AI-2Nb-2Cr-1B 
titanium aluminide with the work-horse titanium alloy, Ti-6A1-4V, sliding 
against an 8 mm WC ball under 10 N load without lubrication. The results 
(Fig. 3.10) reveal that the y-based Ti-48AI-2Nb-2Cr-1B displays very high 
wear volumes, almost the same as the Ti-6AI-4V alloy, with an average 
wear rate of 2.55 x 107 mm? m!. 

More recently, Li et al. (2006) investigated the effect of counterface 
materials on the sliding wear of y-based titanium aluminides under 10 N 
load without lubrication. Figure 3.11a displays the wear loss as a function of 
sliding distance of the y-based TiAl, sliding against 8 mm Al,03, Siz3Ny, WC 
and steel balls. Clearly, the wear behaviour of y-based titanium aluminides 
is highly counterface dependent; the wear rate of TiAl was the highest with 
a counterface of Al,O3 and it was the lowest when the counterface changed 
to steel. It is also of interest to find that the wear of the ceramic ball sliders 
is much higher than WC or steel balls (Fig. 3.11b), which is believed to be 
related to the interface tribochemical reactions and surface brittle fracture. 
These results indicate that sliding contact of TiAl intermetallics against 
ceramics of Al,O3 or Siz;N4 may not be desirable designs, since these tribopairs 
can result in a very high overall wear loss. 

Gialanella and Straffelini (1999) studied the effect of microstructures, 
equiaxed, duplex and lamellar, on the wear of Ti-48AI-2Cr-2Nb-1B sliding 
against a M2 (6S5HRC) disc, using a disc-on-block configuration at a sliding 
speed of 0.628 ms! without lubrication. Their results revealed that, when 
tested under a low load of 50 N, no appreciable differences among these 
three different microstructures could be detected; under higher loads, lamellar 
specimens displayed the highest wear and the equiaxed ones displayed the 
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Sliding direction 


(a) 


# 


(b) 


3.9 Wear track morphologies showing (a) ploughing and (b) cracks 
(Rastkar et al., 2000). 


smallest. A remarkable improvement in wear resistance was observed when 
the titanium aluminide specimens were tested without removing the surface 
layer that resulted from heat treatment. This is because of the formation 
of the surface oxide layer — a possible way to combat wear of titanium 
aluminides. 
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3.10 Comparison of sliding wear of Ti-6AI-4V with TiAl (Xia, 2004). 


3.3.2. Abrasive wear of titanium aluminides 


Because of their good mechanical properties at high-temperatures and 
superior environmental stability, titanium aluminides may find tribological 
uses in aggressive environments. For example, extensive research has been 
conducted to explore the potential applications for low-pressure turbine 
blades. However, fretting wear and abrasion are major concerns for such 
aero-engine applications. 

The abrasive wear resistance of several titanium aluminides has been 
compared with steel, titanium alloys and aluminium alloys by Hawk and 
Alman (1997) using a pin-on-drum abrasive wear testing apparatus. It can 
be seen from Table 3.2 that, as a whole, the abrasive wear resistance of 
titanium aluminides against 100 micron garnet (1300 HV) is better than that 
of CP titanium and of some titanium alloys, although it is inferior to that of 
stainless steel and hardened tool steel. 


3.3.3 Fretting wear of titanium aluminides 


Because of their potential applications for low-pressure turbine blades, 
fretting damage on gamma-TiAl (Ti-48AI-2Cr-2Nb) in contact with Ni- 
based superalloys at temperatures from 296-823K has been evaluated using 
Ti-6Al-4V as a benchmark (Miyoshi et al., 2003). The fretting wear tests 
were conducted using a pin-on-flat configuration at loads from 1—-40N, 
frequencies of 50, 80, 120 and 160 Hz, and slip amplitudes between 50—200 
microns for 1—20 million cycles. Severe material transfer was observed on 
the surface of the superalloy pin after fretting against the gamma-TiAI (Fig. 
3.12). This implies that the adhesion between the TiAl and the superalloy is 
so strong that cohesive bonds in the Ti-48AI-2Cr-2Nb were fractured. The 
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3.11 Effect of counterface materials on the sliding wear of TiAl: 
(a) Wear loss of the y-based TiAl and (b) wear loss of the balls 
(Li et a/., 2006). 


failed Ti-48 Al-2Cr-2Nb transferred to the superalloy surface, and progressive 
fretting resulted in scuffing or galling. Similar Ti-6A1-4V transfer was also 
observed on the superalloy, but the degree of Ti-6AI-4V transfer was larger. 
Therefore, it is essential to combat the fretting wear of Ti-48Al-2Cr-2Nb 
by surface engineering. 
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Table 3.2 Abrasive wear factor of titanium aluminides together with some 
other materials for comparison (Hawk and Alman, 1997) 


Material Hardness (GPa) Specific wear rate 
x 10°mm3(Nm)-! 


Titanium aluminides 


Ti3Al 2.9 18.1 
TiAl 2.4 17.9 
Ti-48AI-2Cr-2Nb 2.4 16.3 
Steel 

304 SS 1.6 12.8 
AISI52100 6.5 8.0 
12% Mn steel 2.1 10.3 
Ti and its alloys 

CP Ti 3.0 24.2 
Ti-8Al-1Mo-1V 3.1 23.6 
Ti-10V-2Fe-3Al 2.8 37.8 


Transferred 
Ti-48AI-2Cr-2Nb 


3.12 Severe material transfer (Miyoshi et a/., 2003). 


3.4 Conclusions 
3.4.1. Wear 


Because of their inherent crystal and electronic structure, ineffectiveness of 
lubrication and low thermal conductivity, titanium alloys are characterised 
by high adhesion, severe adhesive wear and high-and-unstable friction when 
sliding against nearly any engineering materials. Titanium and its alloys also 
suffers from abrasive wear because of relatively low hardness, which cannot 
be significantly increased by bulk or surface heat treatments. 

In addition, titanium and its alloys are quite prone to fretting damage when 
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coupled to themselves and to austenitic and martensitic stainless steels, mainly 
due to their high tendency for adhesion and high friction. The surface damage 
caused by fretting wear will act as crack initiation sites, and titanium and 
its alloys are particularly susceptible to fretting fatigue because of the high 
adhesion-induced detrimental mixed fretting wear. The reductions in fatigue 
strength of high-strength titanium alloys are in the range of 60-70%. 

Although the crystal and electronic structure of titanium aluminides differ 
greatly from that for titanium and its alloys, they have very similar tribological 
behaviour. The sliding friction coefficient of y-based titanium aluminides 
ranges from 0.5 to 0.8; the sliding wear rate of titanium aluminides is almost 
the same as that of titanium alloys but the wear resistance of the former is 
marginally better the latter; and the fretting wear of TiAl is comparable to 
that of titanium alloys. 


3.4.2 Wear mitigation strategies 


The poor tribological behaviour of titanium-based alloys is clearly related 
to their surface nature. Consequently, this problem may be overcome by 
changing the nature of the surface, i.e. surface engineering of titanium-based 
alloys, which provides the most promising way to improve their tribological 
performance. 

The adhesive wear resistance of titanium-based alloys can be effectively 
enhanced by the formation of surface oxide layers during anodising (Chapter 
4), plasma electrolytic oxidation (Chapter 5) and ceramic conversion (Chapter 
14), or nitride layers during plasma nitriding (Chapter 10), and laser nitriding 
(Chapter 12). 

In addition to these surface treatments, laser cladding (Chapter 13) and 
thermal spraying (Chapter 7) can increase the surface hardness and thus 
abrasive wear resistance of titanium-based alloys. Fretting wear of titanium- 
based alloys can be reduced by low friction and hard coatings (such as 
diamond-like carbon, DLC) and their fretting fatigue can be effectively 
addressed by laser peening (Chapter 13). 
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Anodising of light alloys 
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Abstract: Light metals and alloys can form native oxide films on their 
surfaces that offer only limited protection to surface degradation. Anodising 
refers to electrochemical anodic oxide film formation; it is one of the most 
popular methods to increase wear- and corrosion-resistance of light alloys, 
especially under light loads. Anodic films are most commonly applied 

to protect aluminium alloys and are discussed here in detail; magnesium 
and titanium alloys can also be anodised, which is described at the end of 
this chapter. Anodised light alloys have been exploited in a wide range of 
industrial sectors such as automotive, marine and aerospace. More recently, 
porous anodic alumina films have found their application in nanoscience and 
nanotechnology. 


Key words: native oxide, anodising, wear-resistance, corrosion-resistance, 
nanotechnology. 


4.1 Introduction 


Lightweight metals, such as aluminium and its alloys, have inherent resistance 
to atmospheric corrosion due to the presence of a protective film (in the form 
of an oxide (Al,03) or hydroxide (Al,03 x H,O)) that forms immediately 
after the metal is exposed to air. This native oxide film is about 2.5 to 10 
nm thick (Henley, 1982) and thus can offer only a limited protection in 
aggressive (e.g. marine-coastal) environments. The protective properties may 
be enhanced by further oxidising the surface, e.g. thermally, chemically or 
electrochemically. Anodising is distinct from chemical conversion coatings 
processes in that the surface is oxidised electrolytically and a much thicker 
film can be formed (Sheasby and Pinner, 2001). The process derives its name 
from the fact that the part to be treated becomes the anode in an electrolytic 
cell (unlike in electroplating). Compared to other surface engineering 
techniques, anodising is distinguished by utilising a controlled oxidation 
attack on the metal substrate, which results in conversion of the consumed 
metal layer into surface oxide film. Anodic oxide layers on Al are typically 
5 to 25 um thick; hence they can be used not only for decorative but also 
for protective purposes, e.g. to improve wear- and corrosion-resistance of 
the parent metal. Depending on anodising conditions, both thin non-porous 
(or barrier type) and thicker porous films can be produced. 

Anodising has been known since the 1920s but became of commercial 
importance only twenty years later. The first anodising process, developed 
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by Bengough and Stuart (1923), was a chromic acid process used for the 
protection of Duralumin seaplanes (Sheasby and Pinner, 2001). Anodic films 
are most commonly applied to protect aluminium alloys, although processes 
also exist for other light-weight metals, including magnesium and titanium; 
a brief discussion of anodising of these materials is included in final parts 
of this chapter. However, for the present, this discussion will be specific to 
aluminium and its alloys. This process is not a useful treatment for iron or 
carbon steel because these metals exfoliate when oxidised, i.e. the iron oxide 
(also known as rust) flakes off, constantly exposing the underlying metal to 
corrosion. 

Traditionally, anodising is performed for the corrosion protection of aircraft, 
vehicles, boats, trains, buildings, household articles, sporting goods, office 
articles, and electronics (ASM, 2003). It is also used to prevent galling of 
threaded components and to make dielectric films for electrolytic capacitors. 
More recently, porous anodic films have found application in nanoscience 
and nanotechnology, including fabrication of microporous anodic oxide 
membranes (AOMs) for catalytic and sensor devices as well as templates 
for nanowire manufacturing (Bocchetta et al., 2003; Martin, 1996; Holland 
et al., 2000; Daub et al., 2007). 


4.2. Formation of anodic films 


When aluminium is anodically polarised in an electrolyte, negatively charged 
anions in the solution migrate to the anode where they are discharged with 
the loss of electrons. In aqueous solutions, anions usually contain oxygen, 
which reacts chemically with the aluminium. In reality, anodic films contain 
hydrated forms of the oxides. The metal oxide formation reactions may 
be considered to occur via the anodic dissolution of metal to form the 
corresponding cations: 


Al > At + 3e7 [4.1] 
followed by reaction between the metal cation and ionic oxygen: 

2Al** + 307 — Al,O3 [4.2] 
The net reaction of anodic oxidation of Al is usually given as follows: 

2Al + 3H,O > Al,O3 + 6H* + 6e— [4.3] 


The result of the anodic oxidation depends on a number of factors, particularly 
the electrolyte (its nature, concentration and temperature) and the conditions 
of electrolysis (current and voltage). In simple terms, the following processes 
can occur at the anode: 


(i) Ifthe products of anodic reaction are essentially insoluble in the electrolyte, 
a strongly adherent barrier-type film is formed on aluminium. The barrier 
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film growth continues until its resistance prevents current from reaching 
the anode. These films are extremely thin and dielectrically compact. 
They may be formed in a number of relatively neutral pH salt solutions 
of which borate or tartrate electrolytes are common examples. Such 
films are formed at relatively high voltages; they are used in capacitor 
production and in the electronics industry, where dielectric protection of 
very thin aluminium coatings formed by vacuum deposition techniques 
is typically required. 

If the reaction products are sparingly soluble in the electrolyte, an 
adherent film is formed as above, but the film growth is accompanied 
by localised field-assisted dissolution, which produces a regular array 
of essentially parallel-sided pores in the film (Fig. 4.1). These pores 
allow continuing current flow and thus film growth. Electrolytes used 
are generally acidic and include sulphuric, phosphoric, chromic and 
oxalic acids. The films formed are used to enhance the adhesion of 
paints, lacquers or adhesives, and, as they may be very hard and many 
microns thick, they find extensive application for protective and decorative 
purposes. 

If the reaction products are moderately soluble, electropolishing of 
Al may be possible under these conditions, if a suitable electrolyte is 
used. 

If the anode reaction products are fully soluble in the electrolyte, then 
the metal is dissolved until the solution is saturated. This scenario takes 
place in some strong inorganic acids and bases (Sheasby and Pinner, 
2001) that are used for electrochemical machining of Al. 


Cell wall Pore mouth 


Cell 
boundary 


Pore base | 


tH—§. 


Cell radius Barrier layer 


4.1 Schematic representation of a porous anodic film showing the 
principal morphological features (Sheasby and Pinner, 2001). 
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Among these anodic processes, (i) and (ii) will be dealt with and are described 
in more detail below; however, (iii) and (iv) are not in the scope of this 
chapter. Initial emphasis is given to the barrier layer formation and thickening, 
which is the main process during the formation of barrier-type anodic films. 
Although barrier anodising is not the main focus here, it relates closely 
to porous anodising and, in some aspects, has been the subject of greater 
investigation. Important factors that distinguish porous and barrier-type films 
are detailed. Subsequently, the initiation of pores is described, followed by 
a review of the factors that control the porous morphology and how it may 
be modified. This has relevance to colouring processes, and properties such 
as hardness and corrosion resistance (Sheasby and Pinner, 2001). 

The oxide growth in terms of thickness and chemical structure depends 
on several factors, such as applied potential or current density, temperature, 
and, of special interest, the solution composition. Barrier type films with high 
electrical resistivity are favoured in solutions in which the oxide is almost 
insoluble, and this usually requires almost neutral solutions. Porous oxides 
of low solubility are developed in acidic solutions (Benjamin and Khalid, 
1999). 


4.2.1 Barrier layer formation 


There appears to be no clear demarcation between types of anodic films 
(Parkhutik and Shershulsky, 1992), with porous films developing under 
certain conditions from previously formed barrier films. Subsequent film 
growth in the porous mode relies strongly on the presence of the barrier layer 
at the bottom of the pores. To provide a better understanding of anodising 
processes, it is therefore important to consider the following two key aspects 
of the film formation: determination of the interface (i.e. the metal/oxide or 
the film/solution) at which the barrier film growth occurs and establishment 
of what enables pores to form and propagate (Sheasby and Pinner, 2001). 


Barrier layer thickness 


It is commonly observed that the barrier layer thickness is proportional to 
the anodising voltage, with small variations determined by the nature of the 
electrolyte. Holland and Sutherland (1952) obtained film growth thicknesses 
under unit voltage of 1.3 nm/V in 3% ammonium tartrate solution, whereas 
capacitance measurements by Ginsberg and Kaden (1961) gave values of 1.4 
nm/V for films formed in barrier film-forming electrolytes and 1.15 nm/V 
for the barrier layers of porous anodic coatings. Figure 4.2 shows that some 
porous oxide may be formed in a supposedly barrier film-forming electrolyte, 
when anodising at constant voltage, after the limiting barrier thickness has 
been achieved (Sheasby and Pinner, 2001). 
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4.2 Film growth in ammonium tartrate electrolyte (Hunter and 
Towner, 1961). 


Anion and cation migration 


There has been considerable work investigating whether film growth is due 
to the migration of aluminium cations across the film to produce oxide by 
reaction with the electrolyte, or due to oxygen-bearing anions moving across 
the film to oxidise the metal surface, or both. Originally, it was believed that 
oxygen moved across the film (Schenk, 1948; Rummell, 1936; Anderson, 
1944). Schenk (1948) appreciated that the ionic diameter of oxygen and the 
atomic diameter of aluminium are very large, but as the discharge potential 
of oxygen is low, he postulated that oxygen ions are first discharged at the 
solution interface, diffuse across the oxide, and are then reionised near the 
metal surface to react with Al°*. Hoar and Mott (1959) suggested that the 
smaller hydroxyl ions carry the current and produce protons at the metal 
interface, which then move back across the film to combine with O7 from 
the electrolyte, and subsequently the process repeats. This prompted work 
to determine the hydration of anodic films (Heine and Pryor, 1963; Brock 
and Wood, 1967). It was discovered that only the outer regions of films 
formed in aqueous tartrate solutions were hydrated, but Brock and Wood 
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(1967) found no hydration in films produced in a non-aqueous glycol- 
based solution. Thus, it was deduced that O?- rather than OH™ is mobile. 
Various tracer techniques, such as radioactive tracers, ion implantation, 
nuclear microanalytical techniques, and transmission electron microscopy of 
ultramicrotomed sections have been used to understand the ionic transport 
through anodic films (Sheasby and Pinner, 2001). 

Detailed investigations have also shown that metal cations in most of the 
anodic films are not completely immobile. The transport number of cations 
depends mainly upon their ionic radius (Fig. 4.3), being about 0.40 for 
Al,O3, 0.37 for TiO, (Habazaki et al., 2000) and 0.3 for MgO. The numbers 
indicate that the barrier film growth on these metals occurs at both interfaces, 
although metal oxidation at the metal/oxide interface prevails. 


4.2.2 Porous film growth and morphology 


Porous anodic films formed on aluminium in electrolytes such as sulphuric 
acid are characterised by a very uniform morphology. Pores are approximately 
cylindrical, situated in generally close-packed hexagonal cells, and separated 
from the substrate by a thin layer of oxide. Many of these features are 
determined by the anodising voltage as described below. Thus, the course 
of porous film development is revealed by monitoring the change of voltage 
when anodising at constant current, or current when anodising at constant 
voltage (Fig. 4.4). The compact barrier layer thickens during Stage I. Incipient 
pores develop in the barrier film during Stage II, while the classical film 
morphology starts to arise during Stage III. Steady-state propagation of the 
pores continues through Stage IV. However, the thickness of the porous film 
depends on the amount of charge passed. Consequently, when anodising at a 
constant current density, the film thickness is proportional to the anodising 
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4.3 Relationship between the transport number of cations in anodic 
films on valve metals and ionic radii of cations (Habazaki et al., 
2000). 
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4.4 Schematic diagrams showing the development of a porous 
anodic film on aluminium under (a) constant current conditions, and 
(b) constant voltage conditions (Parkhutik and Shershulsky, 1992). 


IV 


time. This relationship falls down for thicker films and those produced under 
particularly aggressive solution conditions, where the effects of chemical 
dissolution become significant. 

The anodic reaction that leads to film growth takes place mainly at the 
metal/oxide interface, and therefore the film is effectively growing from within 
rather than building up on its outer surface. This means that the outer part 
of the film is in contact with the electrolyte for the full anodising time, and, 
depending on conditions, may become considerably dissolved chemically 
(without field enhancement) by the end of the anodising process. Underlying 
regions of the film are progressively attacked to lesser extents. Thus, the pores 
are tapered, being wider at their mouths than near the aluminium substrate. 
It then follows that the maximum achievable film thickness depends on the 
ability of the electrolyte to chemically dissolve the film. When anodising 
has been continued for sufficient time that the pore walls at the outer surface 
are vanishingly thin, then, although anodising may continue to produce film 
material at the metal/oxide interface, no further net film thickening takes 
place. 

Understanding the factors that control this balance between the rate of 


© Woodhead Publishing Limited, 2010 


90 Surface engineering of light alloys 


film formation and the rate of film dissolution forms a vital part of practical 
anodising technology (Sheasby and Pinner, 2001). Tracer studies employed 
by the group of G.E. Thompson (Garcia-Vergara et al., 2006a, 2006b) have 
shown that the porosity of anodic alumina films is essentially of mechanical 
origin, initiated by the instability of the film under growth stresses when the 
anodising conditions do not allow formation of new film material at the film/ 
electrolyte interface (corresponding to about 60% current efficiency). The 
film growth is accompanied by film material displacement from the barrier 
layer towards the cell walls (Fig. 4.5). This displacement arises under the 
influence of growth stresses and the barrier layer plasticity caused by the 
ionic transport processes. 


4.3 Structural evolution of anodic films 


4.3.1 Crystallisation processes 


During the development of the science associated with the structure of 
anodic films, such films have variously been described as amorphous, 
microcrystalline, y-Al,O3, y’-Al,O3 or n-Al,O3. Material is amorphous if 
it is X-ray indifferent, i.e. no spotty diffraction pattern can be obtained. 
Nanocrystalline describes such material where the crystalline size is less than 
about 40 nm. y-Al,O3 is a transition alumina produced during the thermal 
transformation of boehmite to corundum (Wefers and Misra, 1987). It has 
a tetragonally deformed spinel-type structure and contains cation vacancies 
and several percent hydroxyl ions. n-Al,O;3 is also a transition alumina but 
arises from the decomposition of bayerite. According to Verwey (1935), the 


Ss 


(a) (b) (c) 


4.5 Schematic diagrams showing the relative distributions of W 
tracer in anodic films at intervals of 60 s of anodising at 500 mA/dm?2 
in 0.4m phosphoric acid solution at 20°C: (a) 180 (b) 240 and (c) 300 s. 
The distribution of (c) assumes a similar displacement of tungsten as 
in the previous 60 s (Garcia-Vergara et al., 2006b). 
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O* ions in y’-Al,O; are arranged in a face-centred cubic lattice, and the 
smaller Al** ions are distributed statistically in the interstices between the 
oxygen ions, with about 70% of the aluminium ions having a coordination 
number of six, the rest having four. 

y-Al,0;3 has been found by X-ray diffraction in films produced in oxalic 
acid (Schmid and Wasserman, 1932), concentrated sulphuric acid (Tajima 
et al., 1959) and boric acid (Burgers et al., 1932). Recently, Ono and co- 
workers (1990) have determined lattice parameters from electron diffraction 
patterns of films formed in chromic, phosphoric and sulphuric acids, which 
had undergone crystallisation under the electron beam. They concluded that 
the film material is comparable to n-Al,O3. 

Trillat and Tertian (1949) investigating, by electron diffraction, coatings of 
1 um and 20 um thickness obtained in sulphuric acid on 99.99% aluminium. 
They found a crystal structure consisting of a mixture of the monohydrate and 
either the y-oxide or a non-classified transition form at the extreme top layer. 
The lower layers of both coatings were amorphous. It must be remembered, 
however, that in the presence of moisture, the amorphous oxide coating is 
gradually transformed into the monohydrate, as during hydrothermal sealing, 
which may provide some explanation of the results of Trillat and Tertian 
(Sheasby and Pinner, 2001). 

It is worth noting at this stage that the dielectric breakdown of anodic films 
can lead to the local formation of crystalline material. Plasma electrolytic 
oxidation (PEO) is a modification of the standard anodising process, using 
pulses of voltage greater than the dielectric breakdown potential for the 
oxide film. This process can be used to grow thick (tens or hundreds of 
micrometres), largely crystalline, oxide coatings on valve metals (Al, Mg, 
Ti, etc.) and is discussed further in Chapters 5 and 6. 


4.3.2 Oxygen evolution 


Oxygen evolution is a collateral electrode process that sometimes accompanies 
the main reaction of anodic oxidation. It usually becomes visible to the unaided 
eye during anodising at relatively high voltages (80 V) (Dimogerontakis 
et al., 1998). In neutral solutions, the oxygen evolution can take place either 
from the discharge of the hydroxyl ions [4.4] or from the disintegration of 
the water molecules [4.5]: 


40H’ — O, + 2H,0 + 4e7 [4.4] 
2H,O > O, + 4H* + 4e~ [4.5] 


Other possible routes are associated with the structural evolution of the 
anodic oxide film during its formation, e.g. crystallisation of amorphous 
anodic oxide, formation of individual oxide phases of alloying elements, 
and substrate impurities as well as spinel phases. In these cases, released 
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oxygen is often trapped inside the film, forming occluded porosity. Following 
reactions [4.4] and [4.5], the oxygen release implies appearance of electronic 
conductivity in originally dielectric oxide film, which is characteristic of 
pre-breakdown anodising stages. 

Various kinetic mechanisms of the oxygen evolution reaction have been 
proposed (Antropov, 1977). Its rate is determined by the slowest step, which 
can be one of the following: discharge of hydroxyl ions or water molecules, 
recombination of oxygen atoms, electrochemical desorption of hydroxyl 
radicals, and formation and decomposition of unstable intermediate oxides 
of a metal present in the electrode. 


4.3.3 Incorporation of anionic species 


The knowledge of the nature/composition of anodic oxides as regards the 
incorporation of species such as electrolyte anions is of specific importance 
for both the understanding of the electrochemical mechanism of oxide 
production and growth, and the scientific and technological applications of 
porous anodic alumina films (Patermarakis et al., 1999). Incorporated anionic 
species are considered as primary electron sources in the breakdown theory 
of anodic oxide films (Albella et al., 1991). Their presence and distribution 
in the film are therefore crucial to ensure high dielectric properties of anodic 
oxides (e.g. in capacitor applications) or, if necessary, control breakdown 
phenomena (e.g. in advanced high-voltage anodising processes, see Chapters 
5 and 6). 

Electrolyte anions are always incorporated in the barrier layer and, through 
the mechanism of porous layer growth, in the pore walls. They extensively 
determine the oxide nature/composition across the walls and along the 
surface of pores and properties, such as reactivity, catalysis and porosity. 
A bell-like distribution of anions across the barrier layer and a qualitatively 
similar parabola-like one, have been verified for washed and dried films after 
anodisation. But during the film growth, the real distribution of anions is a 
monotonic one. Anions enter the barrier layer through suitable micro-crevices 
with widths comparable to molecular sizes and their local concentration 
decreases from the pore base surface towards the metal (Patermarakis et al., 
2001). 


4.3.4 Internal stress and defect formation 


Oxide films and coatings are potentially very effective in developing hard, 
wear- and corrosion-resistant surfaces. However, many properties of anodic 
films are controlled or influenced by local defects or non-uniformities in the 
barrier layer, such as stress-induced breaks in the oxide, local regions of 
crystalline oxide and, on a larger scale, the effects of second phase particles 
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at the metal surface (Sheasby and Pinner, 2001). The growth of oxide films 
is accompanied by the development of stresses in the oxide films, which 
can be both beneficial and harmful. So, the ultimate thickness to which an 
anodic oxide film may grow without cracking or detachment depends on its 
ability to relieve the growth stresses (Moon and Pyun, 1998). Compressive 
stresses are more favourable than tensile, because they increase resistance 
to fatigue failure. Conversely, crack initiation, stress corrosion, and decrease 
of fatigue limit can serve as examples of a detrimental effect of tensile 
residual stresses. 

The presence of stresses in oxide films and their effects on cracking, 
spalling and decohesion of oxide films has been recognised for some time 
(Krishnamurthy and Srolovitz, 2003). There have been relatively few attempts 
to investigate the mechanisms that produce the observed stress distributions in 
films produced by oxidation. The earliest explanation for the origin of these 
stresses was offered by Pilling and Bedworth (1923), who proposed that these 
stresses were due to the difference in molar volumes of the oxide and the 
metal. Stresses generated within the oxide films may be either compressive 
or tensile. The sign of these stresses may not be attributed simply to the 
relationship between the volumes of oxide and metal from which the oxide 
is formed, as stress measurements have shown that the magnitude and sign 
of the stresses is dependent upon the oxide formation conditions, e.g. in the 
case of anodising, conditions such as surface preparation, electrolyte pH, 
current density, and electrolyte composition (Archibald, 1977). 


4.4 Practical anodising processes 


For the anodic oxidation of aluminium, the most widely used processes are 
based on sulphuric acid and chromic acid. The sulphuric acid processes are 
most generally used for the production of decorative, protective, and hard, 
wear-resistant coatings. The chromic acid processes are employed where 
maximum protection is required with a minimum loss of metal section (The 
Canning Handbook, 1982). Other processes, used less frequently or for special 
purposes, use sulphuric acid with oxalic acid, phosphoric acid, or oxalic 
acid alone (Table 4.1). Except for thicker (= 25 um) coatings produced by 
hard anodising (see Section 4.4.3) processes, most anodic coatings range 
in thickness from 5 to 18 um (ASM, 1994). The sequence of operations 
typically employed in anodising, from surface preparation through sealing, 
is illustrated in Fig. 4.6. 


4.4.1. Chromic acid process 


The earliest commercial anodising development (in Britain by Bengough 
and Stuart in 1923) was with chromic acid electrolytes and their names are 
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Table 4.1 Anodising processes for aluminium and its alloys (ASM, 2003) 


Solution Concentration Temperature Current Voltage Appearance 
composition (wt%) (°C) density (Vdc) and other 
(A/dm?) characteristics 
Chromic acid 
Chromic acid 10 45-55 0.3-1 40-50 Greyish 
(CrO3) 
Sulphuric acid 
Sulphuric acid 5-25 15-25 0.8-3 15-20 Transparent 
(H2SO,4) 
Aluminium 0.1-5 
sulphate 
Oxalic acid 
Oxalic acid 3-5 20-30 1-1.5 25 Yellowish 
Phosphoric acid 
Phosphoric acid 3-10 20-30 0.5-2 40-100 Light blue 
Hard anodising 
Sulphuric acid 10-20 0-5 2-4 25-60 Transparent, 
Aluminium 0.1-10 Hardness 
sulphate > 600 HV 
Oxalic acid 1 
Alkaline anodising 
Sodium hydroxide 8-12 10-20 1-4 30-70 Resistant in 
Hydrogen peroxide 2-3 basic 
Sodium phosphate 0.1-0.5 solutions 
Alternating current 
anodising 
Sulphuric acid 15-30 0-40 3-12 15-30 Soft, flexible, 
a.c. sulphide 
included 
pies Sabie Inhibited |-»| Rinse 
= Mechanica Rack [-—»{o™uision| Rinse >| alkaline 1 
finish clean : 
clean Rinse 
AiGpatcal »|Rinse/s Chemical or 
L_»| a L»{Rinse | Desmut ’ Desmut— electrolytic l¢—Nitric acid diple«— 
Rinse brighten 
Rinse 
+m — Unrack «-— Rinse }-+ Seal 1 Anodise «—__+ 
: Rinse 


4.6 Typical process sequence for anodising operations (ASM, 1994). 
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still widely used to describe chromic acid anodising. Due to the passivating 
ability of chromic acid, this anodising process is preferred for components 
such as riveted or welded assemblies where it is difficult or impossible to 
remove all of the anodising solution. This process yields a yellow to dark- 
olive finish, depending on the anodic film thickness although the colour is 
grey on high-copper alloys. Chromic acid anodising solutions contain from 
3 to 10 wt% CrO3. A solution is made up by filling the tank about half full 
of water, dissolving the acid in the water, and then adding water to adjust 
to the desired operating level. The maximum reproducible film thickness 
obtainable is about 8-10 um on most alloys, but 6061 produces only about 
5 um and the aluminium-—copper alloys about 2.5 um. 

In the last decade, significant effort has been directed to environmental 
issues related to the disposal of waste electrolyte, by developing new anodising 
processes (Thompson et al., 1999; Iglesias-Rubianes et al., 2007). However, 
the relationships between anodising conditions, electrolyte composition 
and corrosion performance are still a source of debate, and a fundamental 
understanding of the anodising behaviour of the practical alloys would assist 
the development of replacements for chromic acid (Saenz de Miera et al., 
2008). 


4.4.2 Sulphuric acid process 


The basic operations for the sulphuric acid process are the same as for the 
chromic acid process. Parts or assemblies that contain joints or recesses 
that could entrap the electrolyte should not be anodised in the sulphuric 
acid bath. The concentration of sulphuric acid in the anodising solution is 5 
to 25 wt%. The variables that need to be controlled are acid concentration, 
impurities in the anodising bath, electrolyte temperature, anodising voltage 
and current density, agitation of the electrolyte, and the composition and 
condition of the alloy being anodised. Further details about these variables 
and their effect on subsequent operations and on the final product can be 
found elsewhere (Brace and Sheasby, 1979). 


4.4.3. Hard anodising 


Hard anodising is a term used to describe the production of anodic coatings 
with film hardness or abrasion resistance as their primary characteristic. 
They are usually thick, by normal anodising standards (>25 Um), with higher 
hardness of typically > 600 HV on aluminium alloys, and they are produced 
using special anodising conditions (very low temperature, high current 
density, special electrolytes). They find application in general engineering 
for components which require a very wear-resistant surface, such as pistons, 
cylinders and hydraulic gear. The coatings produced are grey to black in 
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colour and are less-porous than with conventional anodising. They are 
often left unsealed, but may be impregnated with materials such as waxes 
or silicone fluids to give particular surface properties (Sheasby and Pinner, 
2001). Not all aluminium alloys can be hard anodised. The 5xxx and 6xxx 
series alloys respond well to hard anodising, whereas 2xxx, 7xxx alloys and 
others, including casting alloys with high copper and silicon content, do not. 
For the higher silicon and copper-containing alloys, the anodised layer tends 
to be highly porous and of low hardness. 


4.4.4 Barrier layer processes 


The thickness of the porous-type anodic films obtained by the usual anodising 
processes, viz. sulphuric, chromic or oxalic acid processes, may be a 
disadvantage in cases where the metal is very thin and would be dissolved 
during normal film growth. Such an example is provided by the aluminium 
deposits obtained by evaporation in high vacuum (Weil, 1956) and commonly 
used for reflectors in optical instruments, as well as in car headlamps, electric 
torches, etc. For such deposits, which are usually below 0.5 tm in thickness, 
solutions must be used which produce barrier-type coatings (Sheasby and 
Pinner, 2001). 

The films formed in barrier layer electrolytes are much thinner than 
those formed in electrolytes which have some solvent action on the film 
as it forms. The use of distilled water is more important with non-solvent 
anodising solutions than with solvent-type solutions. The film thickness 
depends almost entirely on the forming voltage, being approximately 1.3-1.4 
nm per volt. The choice of voltage also depends on other factors, such as the 
bath resistance and the need to avoid sparking. Adequate films are usually 
formed in about 45 minutes; the need for forming periods greater than twice 
this usually indicates defects or dirt in the metal surface, and the product is 
unlikely to make a satisfactory electrolytic capacitor. In contrast with the 
films formed in solvent electrolytes, barrier layer films do not require sealing; 
they are merely washed and dried (Henley, 1982). The most commonly used 
barrier type electrolytes for protective purposes are ammonium tartrate and 
boric acid solutions. The process parameters and further detail can be found 
elsewhere (Sheasby and Pinner, 2001; Henley, 1982). 


4.5 Pre-treatment processes 


Pretreatment of the aluminium before anodising is essential in all cases, 
though it may be needed for a variety of reasons. In the simplest case, the 
material may need only to be cleaned or degreased, but in others it may 
require more complicated treatments to remove the air-formed oxide film 
or modify the surface appearance. Such surface oxides may be formed 
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during casting or heat treatment and can be removed by etching in alkaline 
or acid solutions. Alloys containing magnesium, during high temperature 
heat treatment or during storage in slightly humid conditions, tend to build 
up a layer of magnesium oxide on the surface which is insoluble in alkaline 
solutions, and attempts to etch in caustic soda may lead to a very rough and 
patchy surface as the etch acts selectively in removing the oxide skin by 
undercutting. This oxide is readily removable in nitric or sulphuric acid and 
it is always a wise precaution to institute an acid dip before alkaline etching 
of magnesium alloys (Short and Sheasby, 1974). However, in most cases 
the pretreatment will establish the required appearance for the application 
involved. 


4.6 Anodising equipment 
4.6.1. Tanks 


Anodising tanks are usually constructed in mild steel, lined with suitable 
acid-resistant materials such as polypropylene, PVC, or rubbers such as 
neoprene. Lead-lined tanks, with the lead lining acting as the cathode, have 
also frequently been used. Further detail about the tank material can be found 
elsewhere (Sheasby and Pinner, 2001). 


4.6.2 Refrigeration and temperature control 


The control of temperature in the anodising electrolyte is of fundamental 
importance in almost all processes, and temperature control to within +1 °C, 
or even +0.5°C, of the desired temperature is often necessary. This frequently 
requires a refrigeration system, as not only does the electrical energy input 
to the tank have to be removed, but the formation of aluminium oxide from 
aluminium is itself an exothermic process. Cooling can be achieved either by 
means of cooling coils in the anodising tank, or by pumping the electrolyte 
through an external heat exchanger. 


4.6.3 Agitation and exhaust system 


Agitation of the electrolyte is also an essential requirement for successful 
anodising, mainly to ensure that heat is taken away from the surface of the 
film and that the electrolyte temperature is uniform. The most common method 
of agitation is by means of air which must be clean and free from oil. This is 
fed from a blower or compressor to perforated PVC or polypropylene pipes, 
which are held along the bottom of the anodising tank. All anodising baths 
should be fitted with fume extraction systems, as the hydrogen evolved at 
the cathodes carries with it a fine mist of the acid electrolyte. 
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4.6.4 Power supply 


Both rectifiers and motor generators have been used for anodising, but 
developments in rectifier technology and the general use of silicon rectifiers 
has meant that generators are little used today. For normal sulphuric acid 
anodising, a 24 V rectifier is suitable, but for chromic acid anodising or 
anodising in organic acid based electrolytes, voltages up to 60 or 70 V are 
needed. Even higher voltages may be used in the case of hard anodising 
and for the production of barrier-type films. In recent times, anodising using 
pulsed power supplies is being increasingly recommended (Yokoyama et al., 
1982). These power supplies are particularly effective in situations where 
high anodising current densities are required, or where difficult alloys are 
being processed, such as those with high copper contents. Both improved 
corrosion resistance and increased abrasion resistance are claimed for coatings 
produced by pulsed current anodising (Yokoyama et al., 1982; Colombini, 
1988; Juhl and Moller, 1997). In practice, these rectifiers allow anodising 
at higher rates than normal (Colombini et al., 1983) without the danger of 
‘burning’ of the anodic coating. 


4.6.5 Cathodes 


Whilst with lead-lined tanks the tank walls can be used as cathodes, in most 
cases it is normal to employ separate cathodes. This gives greater flexibility 
in terms of materials, and allows appropriate arrangement of the cathodes 
along the length of the tank. In some cases, such as chromic acid anodising, 
anode-—cathode area ratio is important, and this can be controlled more 
readily with separate cathodes. Cathode materials used include lead, stainless 
steel, aluminium and graphite; and sheet, rod, bar and shaped electrodes are 
all used. In the case of sulphuric acid anodising, aluminium is the normal 
electrode material, usually in the form of 1050 or 1200 alloy plates or 6063 
extrusions. The benefit of these over lead has been described by Grubbs 
(1981), who found reduced energy costs with aluminium and indicated a 
minimum anode-cathode distance of 25 cm. 


46.6 Jigging 


The objective in jigging is first to form a positive contact with the work, 
and second to make handling as easy as possible without running the risk of 
deforming the work in jigging or unjigging, or by movement between loose 
points of contact, etc. Points of contact should be chosen with care, preferably, 
of course, in positions which are hidden from the eye, as no film is formed 
at such points. Three or more points of contact may be necessary in order 
to avoid movement of the part within the jig. Each contact point should not 
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be allowed to carry more than 10—20 amperes, though this is to some degree 
dependent on the gauge of metal of which the article is made. 

Jigs for anodising are often referred to as racks. Ideally, when made from 
aluminium, the jig material should be of the same or a similar alloy type to 
the material being anodised, or at least from a material that does not tend 
to rob the work of current by consuming more than its share. If possible, 
jigs should be designed to allow reasonable spacing between articles and to 
hold them parallel to the cathodes, as although the throwing power of most 
anodising electrolytes is good, significant variations in anodic film thickness 
will occur if work is too densely packed or is at very different distances 
from the cathodes (Sheasby and Pinner, 2001). 


4.7 Post-treatment processes 


4.7.1 Colouring 


The colouring of anodic oxides is accomplished by using organic and 
inorganic (e.g. ferrite ammonium oxalate) dyes, electrolytic colouring, 
precipitation pigmentation, or combinations of organic dyeing and electrolytic 
colouring. After the anodising step, the parts are simply immersed in the 
subject bath for colouring. Dyeing consists of impregnating the pores of the 
anodic coating, before sealing. The depth of dye adsorption depends on the 
thickness and porosity of the anodic coating. The dyed coating is transparent, 
and its appearance is affected by the basic reflectivity characteristics of the 
aluminium. For this reason, the colours of dyed aluminium articles should 
not be expected to match paints, enamel, printed fabrics, or other opaque 
colours (ASM, 1994). 

The main requirements of anodic films that are to be dyed are: (i) that 
the coating is of adequate thickness, the precise thickness varying with the 
shade to be dyed, i.e. dark colour tones will require thicker coatings; (ii) 
that it is sufficiently porous and absorptive; (iii) that the coating itself has 
a suitable colour; and (iv) that it is free from blemishes due to scratches, 
porosity, pits, etc., and from differences in metallurgical structure such as 
grain size variation or segregation. Many types of organic dyes are in use, 
including both acid and basic types. Alizarin dyes, complex dyes, indigo dyes 
and even cotton dyes, diazo dyes, etc. are employed. The colour obtained is 
a function of the anodic film and the degree of dispersion of the dye. 


4.7.2. Sealing 


In addition to breakdown of the anodised article by corrosion of the base metal 
through film defects, the anodic film may itself be attacked and destroyed, 
also allowing metal corrosion to occur. This is prevented by sealing the 
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oxide film, which can be carried out in a number of different ways, having 
varying efficiencies. When the article is not expected to have a long life, the 
sealing generally need only be sufficient to prevent staining and leaching of 
the colouring matter, but when the surface is expected to withstand attack 
for a long period, it is essential to ensure that the oxide film has been made 
as unreactive as possible by the sealing process (Conference on Anodising 
Aluminium, 1961). 

When properly done, sealing in boiling deionised water for 15 to 30 
minutes partially converts the as-anodised alumina of an anodic coating to an 
aluminium monohydroxide known as Boehmite. It is also common practice 
to seal in a hot aqueous solution containing nickel acetate. Precipitation 
of nickel hydroxide helps in plugging the pores. The corrosion resistance 
of anodised aluminium depends largely on the effectiveness of the sealing 
operation. Sealing will be ineffective, however, unless the anodic coating 
is continuous, smooth, adherent, uniform in appearance, and free of surface 
blemishes and powdery areas. After sealing, the stain resistance of the anodic 
coating also is improved. For this reason, it is desirable to seal parts subject 
to staining during service. 


4.8 Anodising magnesium 


Three methods of anodising magnesium are widely employed by industry. 
One uses only the internal voltage generated as a result of a galvanic 
couple, and two use an external power source. The first method, often 
referred to as galvanic anodising or the Dow 9 process, uses a steel cathode 
electrically coupled to the magnesium component to be anodised. Dow 9 
coatings have no appreciable thickness and impart little added corrosion 
resistance. However, the resulting coating is dark brown to black, which 
makes it useful for optical components and for heat sinks in electronic 
applications. This coating also serves as an excellent paint base. The other 
two anodising processes, known as the HAE and Dow 17 processes, use 
an external power source. Both processes produce an anodic layer about 
50 um thick, but they differ in that the solution used for Dow 17 coatings 
is acidic whereas the HAE process employs an alkaline bath (ASM, 1994) 
as detailed in Table 4.2. 


4.8.1. HAE process 


The HAE anodic coating is named after its inventor, Harry A. Evangelides, 
who patented the coating in 1952. This treatment is effective on all forms 
and alloys of magnesium, provided no other metals are inserted or attached 
to the magnesium workpiece. Alternating current is applied to form the 
coating and the voltage typically does not exceed 125 V. The treatment 
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Table 4.2 Anodising processes for magnesium alloys (Brandes and Brook, 1992) 


Solution Concen- Temperature Current Time and Remarks 
composition tration (g/l) (°C) density voltage 
(A/dm?) 
HAE process 
Potassium 120 <35 1.2-1.5 90 min at Matt, hard, 
hydroxide 85 V approx. brittle, corrosion 
Aluminium 10.4 a.c. resistant, dark 
Potassium 34 preferred brown, 25-50 um 
fluoride thick, abrasion 
Trisodium 34 resistant 
phosphate 
Potassium 20 
manganate 
Dow 17 process 
Ammonium 232 70-85 0.5-5 10-100 min Matt, dark 
bifluoride up to 110 V_ green, corrosion 
Sodium 100 a.c. or d.c. resistant, 25 um 
dichromate thick approx., 
Phosphoric 88 abrasion 
acid resistant 


produces a two-phase coating (as in the Dow 17 process). With a current 
density of 1.2-1.5 A/dm”, the terminating potential of 65-70 V for the thin 
(5 um) light-tan coating is reached after 7-10 minutes, and for the thick 
(50 um), dark brown, vitreous, relatively brittle and highly abrasive layer, 
the terminating potential of 80-90 V is reached after 60 minutes (Groshart, 
1985; Karimzadeh and King, 1996; Ghali, 2000; www.tagnite.com). Upon 
sealing, the HAE treatment provides excellent corrosion resistance. The dark 
brown coating is hard, with good abrasion resistance, but it can adversely 
affect the fatigue strength of the underlying magnesium, particularly if it is 
thin (Gray and Luan, 2002). 


4.8.2 Dow 17 process 


Dow 17, one of the first anodised magnesium coatings, was invented in 
the mid-1940s by the Dow Chemical Company, and can be applied to all 
forms and alloys of magnesium. It may be applied using either alternating 
or direct current, while the voltage normally does not exceed 110 V. This 
process produces a two-phase, two-layer coating. The first layer is deposited 
at a lower voltage and results in a thin, approximately 5 um, light-green 
coating. The overlayer is formed at a higher voltage. It is a thick, dark-green 
coating of approximately 25 um, which has good abrasion resistance, paint 
base properties and corrosion resistance. For thin, light-green coatings, the 
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voltage can be terminated at 64 V a.c.; for thick green coatings, at 90 V a.c. 
(Hawkins, 1993; Karimzadeh and King, 1996). However, within less than 
one minute, a transparent film can be formed, without affecting the metallic 
look of the alloy (Gross, 1961). 


4.8.3 Limitations 


Even though magnesium and its alloys can be anodised by either d.c. or 
a.c. current in nearly any solution which can carry current and not dissolve 
the magnesium or the coating faster than it can form (Groshart, 1985), the 
main problem remaining is the porosity/defect density of MgO coatings, 
which is based on the volume coefficient of 0.85 for the oxide if compared 
with 1.38 for Al,O; coatings. For a reasonable protective oxide layer, the 
volume coefficient of the oxide should be larger than | to guarantee a dense 
and defect-free coverage of the metal surface. Furthermore, the hardness of 
MgO is rather low; thus it can be more easily removed or damaged. The 
overall performance is not much better compared to conversion coatings, 
and the anodising process is more expensive. 

It is remarkable that most of the older low voltage treatments are based 
on chromate-containing solutions, which are known to be quite effective in 
corrosion protection of magnesium alloys, but whose use is already or will 
be further limited due to the health and environmental issues involved with 
the use of chromates. In contrast to conversion coatings, not much research 
is performed to develop alternative chrome-free, low voltage anodising 
baths. Only a limited number of more recent activities to develop such new 
processes or treatment baths are known (Takaya, 1989; AIF, 2005) and 
none of them seems to be industrially used so far. Most of the successful 
more recent developments concentrate on high (above the breakdown) 
voltage anodising (i.e. plasma electrolytic oxidation), using discharges in 
the electrolyte to modify the surface. These treatments of magnesium and 
its alloys are described in more detail in Chapter 6. 


4.9 Anodising titanium 


While extremely corrosion resistant itself, titanium and its alloys are often 
anodised to impart properties other than corrosion resistance. For instance, 
in wear situations, titanium components are prone to galling (see Chapter 3). 
To overcome this tendency, titanium is often anodised in a caustic electrolyte. 
Two methods of anodising titanium are used in industry: acid anodising 
and alkaline anodising. Both processes can produce a porous TiO, film on 
the surface of titanium, but acid anodising can form a very thin oxide layer 
(<0.1 um), while a relatively thick oxide film (< 4 um) can be produced 
by alkaline anodising. The purpose of anodising titanium is to enhance its 
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wear resistance (alkaline anodising) and/or to impart desirable aesthetic 
appearance (via acid anodising). 

By controlling the terminal voltage during acid anodising, vivid colours 
from silver to blue (Fig. 4.7) can be obtained. These are interference colours. 
A thin layer of titanium oxide is produced during the anodising process. White 
light falling on the oxide is partially reflected and partially transmitted and 
refracted in the oxide film. The light that reaches the metal/oxide surface is 
mostly reflected back into the oxide. Several reflections may take place. A 
phase shift occurs during this process, along with multiple reflections. The 
degree of absorption and number of reflections depends on the thickness 
of the film (Table 4.3). The light that was initially reflected from the oxide 
surface interferes with the light that has travelled through the oxide and been 
reflected off the metal surface. Depending on the thickness of the oxide, 
certain wavelengths (colours) will be in-phase and enhanced while other 
wavelengths will be out of phase and dampened. Hence, the observed colour 
is mainly determined by the oxide thickness, which itself is dependent on 
the applied voltage. At any given voltage, the oxide film grows to a specific 
thickness and then stops when the resistance increases to a point where no 
current is being passed. The phenomenon of voltage-controlled oxide thickness 
indicates that the colour is also voltage controlled. Decorative anodising 
has been widely utilised by the jewellery industry for years and can also be 
used to colour-code tools and hardware according to size and type, and for 
hobby items (bicycles, golf clubs, paint guns, etc.) (Metalast, 2000); these 
coatings are now finding functional use for medical (Sudarshan and Braza, 
1991) and dental instruments (ASM, 1994). 


4.7 Anodised titanium, with oxide layer increasing in thickness from 
the bottom up (Titanium Information Group, 2006). 
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Table 4.3 Relationship between formation voltage, thickness and colour of 
anodic films on titanium anodised in phosphoric/sulphuric acid (Titanium 
Information Group, 2006) 


Formation voltage Thickness (nm) Colour 

0 1.5 Silver 

2 2.5 Silver 

4 10.5 Gold colour just detectable 
6 13.2 

8 16.0 Very pale gold 

10 18.0 Pale gold 

12 27.0 Rich gold 

14 24.2 Dark gold 

16 25.4 Dark gold with a purple tint 
18 26.0 Dark gold/purple 

20 27.2 Purple with a gold tint 

22 34.9 Blue/purple 

24 36.4 Dark blue 

28 46.9 Mid blue 

30 61.0 Light blue 

32 71.5 Pale blue 


Thicker oxide films, able to withstand relatively higher loading, are 
produced by alkaline anodising processes. Codeposition of low friction 
polymers simultaneously with the growth of the anodic film provides both 
surface hardness and optimum corrosion resistance and lubricity. Anodising 
of titanium alloys can reduce friction and wear and can, to some extent, 
prevent galling and seizing by conjunction with dry film lubricants (Jenkins, 
2003). 


4.9.1. Acid anodising 


Contrary to popular belief, acid anodising of titanium, which thickens the 
oxide film, confers only a minimum improvement to wear resistance. The 
anodic film also serves to reduce the inward diffusion of oxygen at elevated 
temperature and of hydrogen under conditions of galvanic charging. Many 
electrolytes are effective; 80% phosphoric acid + 10% sulphuric acid + 10% 
water produces a sound coherent film with potential raised from 0 to 110 
V over 10 minutes. Galling can be significantly reduced by acid anodising, 
for example on threaded components, by conjunction with compressive 
surface treatment, and with a dry film lubricant. Ti-6Al-4V bolts used 
on the successful Heidrun riser had an epoxy polyamide molydisulphide 
coating applied over a peened and anodised surface (Titanium Information 
Group, 2006). 
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4.9.2. Alkaline anodising 


Thicker oxide films, able to withstand relatively higher loadings, are produced 
by an alkaline anodising processes such as TiodizeR. Long established 
alkaline-base proprietary finishes, such as CanadizingR, control the oxide film 
thickness and density so that one or more of a series of dry film lubricants 
may be applied and ‘locked-in’ to the surface. Canadized coatings have 
been used successfully to prevent galling at the joints and in the drive shaft 
of the titanium core sample drill tubes used in NASA’s exploration of the 
moon (www.azom.com). 


4.10 Future trends 


Anodising is one of the most promising surface treatments for such lightweight 
metals as aluminium, titanium and magnesium because it can increase wear- 
and corrosion-resistance, as well as provide aesthetic appearance and electrical 
insulation. More recently, porous anodic films produced on aluminium in 
solutions such as phosphoric, oxalic, sulphuric, and chromic acid have found 
their application in nanoscience and nanotechnology. Renewed interest has 
been paid to this type of film, primarily due to the possibility of producing 
membranes with highly ordered porous structures. Indeed, these membranes 
can be easily obtained by detaching the anodic oxide layer from the metal 
substrate and dissolving the barrier film at the base (see Section 4.2.2 and Fig. 
4.1) in order to open the bottom of the pores (Bocchetta et al., 2003). These 
microporous anodic oxide membranes (AOMs) can be used for catalytic and 
sensor devices, and as templates for the growth of nanowires where ordered 
structures are required (Fig. 4.8). 


(a) (b) 


4.8 TiO,/Ni/TiO2 nanotubes obtained using atomic layer deposition 
(ALD). The tubes shown in (a) are removed from the alumina 
membranes. The tubes in (b) are embedded in the membranes (Daub 
et al., 2007). 
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The limits of anodising, a 60-year-old technology, were broadened by 
the development of hard anodising processes, which can fabricate relatively 
thicker coatings with higher hardness or abrasion resistance than normal 
anodising. However, the problems of environmental concerns, high cost, 
wear, corrosion, heat and electrical resistance persist. A recently developed 
anodising process also known as plasma electrolytic oxidation (PEO), can 
address these problems as environmentally-friendly PEO can achieve much 
higher hardness (up to 23 GPa) and thickness (up to 200 um) than conventional 
anodising (Yerokhin et al., 1999). This process has opened new vistas in the 
anodising of lightweight metals. Previously difficult-to-anodise alloys can now 
be processed with relative ease. The improved surface characteristics, wear- 
and corrosion-resistance of PEO coatings make them much more attractive 
for replacing conventional anodising processes. The general properties of 
PEO compared to conventional d.c. anodising are highlighted in Table 4.4. 
The scope for industrial use of this technology is also quite promising due 
to the process flexibility, low capital cost and environmentally-friendly 
precursor materials utilised. The oxide coatings are produced by anodic 
polarisation at high voltage in a non-aggressive electrolyte, in which the 
oxide film can develop. At a critical potential, the electric field is sufficient 
to break down the oxide with the onset of electrical sparks and can lead to 
thermal ionisation together with microarc discharge phenomena (Khan, 2008). 
The oxide film can be fused and alloyed with elements in the electrolyte. 
PEO processes can occur at a high local temperature and pressure in the 
discharge channels. The oxide coatings generally consist of a porous top 
layer, a dense intermediate layer and a thin inner layer. Plasma electrolytic 
oxidation coatings are generally compact, thick, hard, and electrically and 
thermally insulating; adhesion to the substrate metal is very high. More 


Table 4.4 General comparison of conventional d.c. anodising and PEO coating 
technologies (Walsh et al., 2009) 


Property Conventional d.c. More recent PEO 
anodising techniques 

Cell voltage (V) 20-80 120-300 

Current density (A dm~’) <10 <30 

Substrate pretreatment Critical Less critical 

Common electrolytes Sulphuric, chromic, or Neutral/alkaline pH 7-12 
phosphoric acid 

Maximum scale Can be >1000 m? day"! Usually <10 m? day~! 

Ability to coat alloys Relatively poor Improved 

containing intermetallics 

Oxide thickness (um) <10 <200 

Hardness Moderate Relatively high 

Adhesion to substrate Moderate Very high 

Temperature control Critical Not so important 
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detailed information regarding PEO process on aluminium, titanium and 
magnesium metals and their alloys is provided in later chapters. 
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Plasma electrolytic oxidation treatment of 
aluminium and titanium alloys 


B. L. JIANG, Xian University of Technology, China, and 
Y. M. WANG, Harbin Institute of Technology, China 


Abstract: This chapter gives a review of the plasma electrolytic oxidation 
(PEO) technique from scientific, technological and application points of 
view. The first section of the chapter reviews the historic development and 
advantages of the PEO process. Section 5.2 stresses the growth phenomenon 
and formation mechanism of PEO coatings. Section 5.3 discusses the effects 
of power source types and key process parameters (such as electrolyte 
composition, electrical parameters and solution temperature) on coatings. 
Section 5.4 discusses how this process can be applied in improving wear, 
corrosion protection, and other functional performance including anti- 
friction, thermal protection, optical, and dielectric. The final section gives a 
view of new process explorations. 


Key words: plasma electrolytic oxidation (PEO), coating, aluminium alloy, 
titanium alloy, property. 


5.1 Introduction 


5.1.1. Historic notes 


A relatively novel surface modification technique, normally known as 
‘plasma electrolytic oxidation’ (PEO), also called ‘microarc oxidation 
(MAO)’ (Yerokhin et al., 1998a,b) is attracting ever-increasing interest in 
fabricating oxide ceramic coatings on light alloys based upon Al, Ti and Mg. 
PEO treatment can enhance their corrosion- and wear-resistance properties, 
or confer various other functional properties including anti-friction, thermal 
protection, optical and dielectric, as well as a pre-treatment to provide load 
support for top layers. Based on the fact that it is rather difficult to catch and 
analyse the instant discharge event, understanding of the discharge nature 
is still slight due to the scarcity of experimental proofs, which also leads 
to the use of various terms such as ‘microplasma oxidation (MPO)’ (Xin et 
al., 2001; Timoshenko and Magurova, 2000; Rudnev et al., 1998; Magurova 
and Timoshenko, 1995a; Gerasimov et al., 1994), ‘anodic spark deposition 
(ASD)’ (Brown et al., 1971; Van et al., 1977; Wirtz et al., 1991; Rudnev et 
al., 2001) and ‘anodic oxidation by spark deposition’ in Germany (ANOF) 
(Districh et al., 1984; Krysmann et al., 1984; Kurze et al., 1986a, 1986b, 
1987) in modern scientific literatures. 

PEO is based on conventional anodic oxidation of light metals and their 
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alloys in aqueous electrolyte solutions, but operated above the breakdown 
voltage, which results in formation of plasma micro-discharge events. This 
allows the formation of coatings composed of not only predominant substrate 
oxides but of more complex oxides containing the elements present in the 
electrolyte. Figure 5.1 shows a typical schematic of the equipment used. The 
microstructure and properties of the coatings can be tailored by the careful 
selection and matching of electrolyte and electrical parameters; thus wide 
applications can be found in industrial sectors including automotive, aerospace 
(see Chapter 18), marine, textile, electronic (3C products), biomedical and 
catalytic materials (Chigrinova et al., 2001; Atroshchenko et al., 2000; 
Huang et al., 2000; Hirohata et al., 1999). The PEO technique experienced 
a long historical development. In the 1930s, Giinterschultze and Betz (1934) 
investigated the phenomenon of spark discharge. It was not until the 1960s, 
when advances were made for producing cadmium niobate on the cadmium 
anode in an electrolyte containing Nb using spark discharge by McNiell 
and Gruss, that the practical application value of spark discharge was firstly 
exploited (McNiell and Gruss, 1966; McNiell and Nordbloom, 1958). From 
1970, utilizing surface discharge to deposit oxide coatings on light metals 
was studied extensively in Russia, followed by America, Germany and other 
countries. The early industrial applications could be traced back to the late 
1970s. However, the poor quality and low growth efficiency of the coatings 
delayed further development of this technique. 

From the 1980s on, new developments of electrolyte, from acidic to 
alkaline, and power supply regime, from direct current to pulse current, 
enabled efficient formation of high quality coatings, especially in the last 
decade. For example, companies such as Keronite (UK), Magoxid-coat 
(Germany) and Microplasmic (USA) have devoted effort to the commercial 
exploitations of PEO coatings for the improvement of wear- and corrosion- 
resistance properties of light alloys. In the meantime, scientific research in 
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5.1 Schematic of the equipment for plasma electrolytic oxidation 
treatment. 
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many countries including Russia, China, Japan, UK, Germany and Australia 
has greatly contributed to the scientific understanding of PEO mechanisms 
and to the development of novel functionally structured PEO coatings. Future 
trends are expected to further explore new functional PEO coatings and to 
extend their industrial applications. 


5.1.2 Advantages of the PEO process 


The PEO technique has many advantages (Patel and Saka, 2001): (4) A wide- 
range of coating properties, including wear-resistance, corrosion-resistance 
and other functional properties (such as thermo-optical, dielectric, thermal 
barrier are conferred); (ii) no deterioration of the mechanical properties 
of the substrate materials is caused because of negligible heat input; (iii) 
high metallurgical bonding strength is measured between the coating and 
the substrate; (iv) there is the possibility of processing parts with complex 
geometric shape or large size; (v) equipment is simple and easy to operate; 
(vi) cost is low, as it has no need of experience vacuum or gas shielding 
conditions; (vii) the technique is ecologically friendly, as alkaline electrolytes 
are employed, and no noxious exhaust emission is involved in the process, 
meeting the requirement of green environment-friendly surface modification 
technology. 

Compared with conventional anodizing and hard anodizing, PEO exhibits 
many excellent characteristics (Volynets et al., 1991), as shown in Table 
5.1. Although conventional anodizing in strongly alkaline solutions can 
produce coatings up to several microns thick, they are still too thin to 
provide effective protection against wear and corrosion, and therefore are 
used mainly for decoration. The PEO method, derived from conventional 
anodizing but enhanced by spark discharge events when the applied voltage 
exceeds the critical value of the insulator film, can generate thicker ceramic 
coatings with excellent properties, e.g. high hardness, good wear and corrosion 
properties, and excellent bonding strength with the substrate, compared with 
the conventional anodizing method. The process has demonstrated great 
successes in offering improved surface oxidation treatment of Mg, Al and 
Ti alloys, replacing the conventional acid-based anodizing processes and/ 
or conversion treatments, which contain hexavalent chrome and other 
environmentally hazardous substances. 

This chapter aims to give an overview of the PEO technique from scientific, 
technological and application points of view. Discussion on the latest 
developments will enable engineering designers to realize the potential of the 
PEO technique for manufacturing high-performance light alloy components 
and stimulate research into developing new coating materials for advanced 
applications of light alloys. 
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Table 5.1 Comparison of PEO process with conventional anodizing and hard 


anodizing 


Ordinary anodizing 


Hard anodizing 


PEO 


Applied voltage (V) 


Current density 
(A/dm?) 
Process flow 


Oxidation time 
(min) 
Working 


temperature (°C) 
Electrolyte specie 
Coating hardness 


(HV) 


Coating thickness 


(um) 
Coating 
composition 


Wear resistance 

Corrosion 
resistance 

Elec. insulator 

Porosity 

Fatigue loss 

Environmental 
issue 


5.2 Fundamentals of the PEO process 


10~50 
0.5~2.5 


Chamfer—degreasing 
—acid neutralization 
— oxidation— sealing 


10~60 
0-30 


Acid 
150~300 


0.1~3 


Amorphous 


Low 
Low 


Low 

High 

Low 

Pollution, 
containing acid 


20~120 
1.5~3.0 


Chamfer—degreasing 
acid neutralization 
— oxidation— sealing 


30~120 
<10 


Acid 
300~600 


40~70 


Amorphous 


High 
Medium 


Medium 

High 

High (~47%) 
Severe pollution, 


containing chrome 


150~800 
5~20 


Degreasing 
— oxidation 
— (sealing), 
need no 
pretreatment 
~Tens of mins 


<50 (allows 
wide variation) 
Weak alkaline 
800~2000 

(Al alloy) 
300-600 

(Mg alloy) 
400-700 

(Ti alloy) 

Up to 200 um 
(adjustable) 

A mixture of 
amorphous and 
nanocrystalline 
oxides 

Highest 

High 

High 

Low 


Medium (~23%) 


Eco-friendly 


Plasma electrolytic oxidation proceeds accompanied by the evolution of spark 
discharge phenomena. Focusing on the nature of the spark discharge, previous 
researchers have proposed a variety of micro-oxidation mechanism models, 
such as an electronic ‘avalanche’ (Vijh, 1971), an electronic tunnelling effect 
(Ikonopisov et al., 1977a,b), oxide film discharge centre (Krymann et al., 1971) 
and contact glow discharge electrolysis (Yerokhin et al., 2003). However, 
the discharge and growth mechanism of the coating is still controversial due 
to the scarcity of experimental proof, which is attributed to the difficulty 
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in catching the instant discharge event, particularly the local physical and 
chemical processes occurring in the discharge zones. Yerokhin et al. have 
suggested a coating formation mechanism from the chemistry point of view 
(Yerokhin et al., 1999). Here, we add the further step of the coating formation 
mechanism, the breakdown-channel-melting effect (Fig. 5.2), based on an 
analysis of plasma micro-discharge oxidation phenomena and coating structure, 
as well as chemical reactions at the substrate/coating/electrolyte interfaces 
from the standpoint of materials science. The corresponding voltage — time 
curve is shown in Fig. 5.3. 


5.2.1. The coating growth phenomenon 


Regardless of what kind of electrolyte systems or electrical parameter control 
modes (constant current or constant voltage) are applied, the basic formation 
mechanism of PEO coatings is similar. Taking the constant current mode 
as an example, Fig. 5.3 gives a schematic of the discharge phenomena and 
coating structure changes during the micro-discharge oxidation process. It 
is well known that there exists a very thin, natural, passive film on substrate 
metal surfaces (also shown in Fig. 5.2a), which could provide a very limited 
protective effect. As the applied voltage increases, a large number of gas 
bubbles are produced, which is the traditional anodizing stage with the 
formation of a porous insulation film with a columnar structure perpendicular 
to the substrate (Fig. 5.2b). When the voltage exceeds a certain threshold 
(i.e. breakdown voltage), dielectric breakdown occurs in some scattered weak 
regions across the insulating film, accompanied by the phenomenon of spark 
discharge (Fig. 5.2c). In this case, a large number of fine, uniform, white 
sparks are generated on the sample surface which result in the formation of 
a large number of small uniform micropores. 

In constant current mode, in order to ensure effective coating breakdown, 
the voltage as feedback is forced to increase and reach a relatively stable 
value (Fig. 5.3). The colour of the sparks also gradually changes from white 
through yellow to orange-red, while the number decreases. In the yellow 
to orange-red sparks stage, coating growth rate is faster, this is known as 
the microarc stage. With the coating thickness increases, the voltage value 
increases. Meanwhile the number of sparks reduce but their intensity increases, 
which induces rather rougher surface morphologies (Figures 5.2d and e). With 
further increase of the voltage, the strong large dot arc discharge appears 
and bursts with ear-piercing noise (Fig. 5.2f). This causes a splash of the 
coating materials and local serious ablation characteristics, thus forming a 
porous and loose part of the PEO coating. To obtain high-quality coatings, 
this arc discharge stage should be avoided as far as possible. 
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5.3 Schematic of discharge phenomena and coating microstructure 
developed during plasma electrolytic oxidation process. 


5.2.2. Formation mechanism of PEO coatings 


The coating formation process under micro-discharge can be broadly classified 
into the following three steps: First of all, a large number of dispersed 
discharge channels are produced as a result of micro-regional instability 
when the breakdown voltage is reached, as shown in Fig. 5.2c. The induced 
electron collapse effect makes the coating materials move into the discharge 
channels rapidly because of the high temperature (~2 x 10*°C) at, or around, 
the centre of discharge and the high pressure (~10* MPa) in less than 10~°s 
(Yerokhin et al., 1999). Under a strong electric field force, anionic components 
such as PO; and SiO? enter the channels through electrophoresis. At the 
same time, passages, under the effect of high temperature and high pressure, 
allow alloying elements of the substrate to melt or diffuse into the channels. 
Secondly, the oxide products are solidified under the rapid cooling of the 
proximity electrolyte, thus increasing the coating thickness in the local area 
near to the discharge channels. When the discharge channels become cooled, 
the reaction products deposit on the channel walls to close the discharge 
channels. Finally, the produced gases are driven to escape out of the discharge 
channels, and as a result, the residual blind holes with ‘volcano’ shapes are 
maintained. When the oxidation continues, the above process repeats in the 
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relatively weak regions of the entire coating surface, thus promoting the 
overall uniform coating thickness. 

In Region I of Fig. 5.3, voltage linearly increases with time, corresponding 
to the traditional anodizing stage, in which a very thin insulating film (as 
shown in Fig. 5.2b) forms, complying with Faraday’s Law of 100% current 
efficiency. In Region II, the voltage increase slows with the decreased oxide 
film growth rate, which is attributed to the competition of anode coating 
growth and dissolution. In Region III, voltage increases rapidly to exceed 
the critical value, a large number of dispersed discharge channels (as shown 
in Fig. 5.2c) are produced as a result of micro-regional instability caused 
by breakdown and, at the same time, are accompanied by a large release of 
oxygen. The emergence of this large amount of oxygen is the main reason 
for lowering the current efficiency, and the mechanism of the release of 
oxygen has been discussed in a review (Yerokhin ef al., 1999). In Region 
IV, the voltage remains stable; this is known as the microarc stage. At the 
end of the stage, the strong dot arc discharge appears. 

Each spark discharge event corresponds to a discharge channel throughout 
the coating, resulting in breakdown, channelling, melting and solidification 
effects, as follows: 


(i) Discharge induced ion ‘short circuit’ migration. By analysing 
element distribution across a section of distinct coatings formed in 
different electrolyte systems, it is assumed that PO,? ion transports by 
‘short circuit’ to the proximity of the substrate-coating interface and 
participates in chemical reactions, i.e. migrates through the discharge 
channels rather than through the diffusion effect. Elements, P from 
P-containing electrolyte and Ti from the substrate, are predominant 
in the neighbouring region of interface between coating and substrate 
(Fig. 5.4), implying that newly-formed products appear mainly near 
to the coating—substrate interface, which form through the complex 
reactions in discharge channels by the participation of all kind of ions 
(mainly electrolyte anions). Why can P easily transport near to the 
interface by the ‘short circuit’, while Si and Al migrate slower and 
mainly dominate in the outer coating? This depends on ionic mobility: 
the PO; ion does not so easily form a gel, as compared with Si and 
Al in the form of Al(OH), and H2SiO; gel respectively, and therefore, 
PO; ion is more easily dragged to the region of the coating—substrate 
interface through the discharge channel under the high electric field 
effect. The investigation of species separation during coating growth on 
aluminium also evidences the mechanism, leading to an inner coating 
layer with P species nearest to the metal and Si species nearest to the 
coating surface (Monfort et al., 2007). 

(ii) Discharge induced coating in-growth. Substrate metal (Ti as an 
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I Si-P-Al Coating , P-F-Al Coating, Al-C Coating 


—————— 


5.4 Line scanning of elements along the cross-section of PEO 
coatings on Ti6AI4 alloy: (a) (c) (e) (g) cross-section of morphologies 
of coatings; (b) (d) (f) (h) line scanning profiles of elements. Note: 
marked code represents the coating formed in different electrolyte 
systems — Si-P-Al coating (Na 2Si03-KOH(NaPO3)¢-NaAlO,), P-F-Al 
coating ((NaPO3)g-NaF-NaAlIO,), Al-C coating (NaAlO,-Na,CO3), Si-P- 
Mo coating (Na,Si03-KOH-(NaPO3)g.-Na3MO,). 


example) evolves into the discharge channels by dissolution, melting 
or sputtering, and then undergoes the chemical reactions: 


Ti* + 207 > TiO, [5.1] 
Ti** + xOH- > [Ti(OH),] "1 [5.2] 
[Ti(OH),]"s1 > Ti(OH), + (x — 4) OH™ [5.3] 
Ti(OH)4 > TiO, + 2H,O [5.4] 


Under the rapid cooling effect of the cold proximity substrate, the 
generated melting oxide products near to the coating—substrate interface 
solidify to form a fresh nano-crystalline layer with small uniform nano 
grains (Fig. 5.5a in A Zone), while the nano grains in this layer are 
subject to gradual growth under the metallurgical process caused by 
the repeated discharge. Nie et al. (2002) also showed that the coating 
close to the interface exhibits a nanoscale polycrystalline microstructure 
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with an amorphous + nanocrystalline inner layer (1.5 um thick ) and 
a nanocrystalline intermediate layer (50-60 nm) in the coating formed 
on the Al alloy. Therefore, it is believed that formation of the very thin 
nanocrystalline layer is a universal characteristic of the PEO process, 
regardless of the substrate species. The nanocrystalline layer is constantly 
produced by ‘eating’ the substrate and moves towards the substrate; 
this is also considered as the main inner growth mechanism. 

It should be noted that the very thin nanocrystalline layer near to the 
interface is a universal characteristic of the PEO process, regardless 
of the substrate species, while the grain size and phase composition of 
bulk coating away from the interface shows great distinction, depending 
on substrate species and electrolyte components. For example, TEM 
analysis indicates that the TiO, coating formed in silicate or phosphate 
dominated electrolyte mainly is nanocrystalline structured, combined 
with a small amount of amorphous phase (Fig. 5.5b), which is also 
confirmed by Matykina et al. (2009). The Al,TiO; coating formed on 
Ti alloys in NaAlO, dominated electrolyte (Wang et al., 2005b) as well 
as the Al,O3 coating formed on Al alloys (Guan et al., 2008b) show 
a much larger grain size, generally at a um scale. 

Discharge induced inner and outer growth of the coating. It should be 
noted that the growth of coating above and below the original substrate 
surface is simultaneous. The inner growth is attributed to the continuous 
formation of a nanocrystalline layer by eating the substrate, while the 
oxide products of the chemical reactions occurring in the discharge 


5.5 TEM images of (a) the inner layer near coating/substrate interface 
and (b) the dense layer deviating from the interface in the coating 
formed on Ti6AI4V. 
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channels are mainly responsible for the formation of the outer layer. 
The melting oxide products solidify to deposit on the inner wall of the 
discharge channel, and tend to close the channel, which enhances the 
growth of the compact inner layer. However, the produced excessive 
oxygen gas has to be compressed to escape from the channel, which 
causes the partial melting products to spray out and deposit on the 
margin of the channel, thus increasing the outer layer thickness in 
the local area near to the discharge channels. As a result, the residual 
blind holes with ‘volcano’ shapes are maintained. Therefore, the outer 
layer generally has a loose nature. Interestingly, not all channels are 
completely closed. In Fig. 5.6, channel A is not well closed and extends 
and terminates in the outer looser layer, while channel B significantly 
extends near the dense layer. The unclosed discharge channels facilitate 
the formation of a relatively thick coating, by allowing electrolyte to 
penetrate deep into the growing layer during the process. 

The small pores (ellipse indicating the retained pores in Fig. 5.6) 
in the bulk coating may form as a consequence of oxygen entrapment 
in the molten metals in the vicinity of localized discharge channels 
which occur during coating formation. In Section 5.4.1, the effects of 
retained pores in the coating will be discussed. The excessive oxygen 
gas evolution inevitably reduces the current efficiency (Yerokhin et al., 
1999; The et al., 2003). It is estimated that the current efficiency of 
the oxide coating formation is generally as low as 10-30% (Snizhko 
et al., 2004), while it can increase up to about 60% depending on the 
electrolyte additive and oxidation stages (Guo et al., 2005). 
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5.6 Cross-section morphology of coating formed on Ti6AI4V in 
(NaPO3)g-NaF-NaAlO, solution (ellipses show the retained pores). 
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As mentioned previously, the coating growth above and below 
the original substrate surface is simultaneous. Figure 5.7 presents a 
schematic of the growth thickness evolution of the PEO coating. It can 
be seen that in the initial stages of oxidation (Fig. 5.3 Region J), the 
coating thickness increases rapidly, and the outer growth dominates 
with a loose and porous structure, as shown in Figures 5.7 a and b. In 
the middle stages of oxidation (Fig. 5.3, Regions IT ~ IV), the growth 
rate of the coating slightly decreases, accompanied by the dominant 
inner growth of a dense coating, as shown in Figures 5.7c, d and e. 
With increasing oxidation time, the porous layer thickness in the outer 
coating increases. In the later Region IV of Fig. 5.3, the appearance 
of large and long-life sparks results in a looser and rougher coating 
surface (Fig. 5.7f). During the whole growth process, the inner growth 
is predominant; generally, the outer growth thickness of the coating 
registers as low as 30% of the total coating, variations depending on 
distinct alloy and electrolyte compositions. Therefore, PEO coating 
causes little change in the finished dimensions, making it suitable for 
production of precision components. If necessary, the outer growth 
layer can be polished to return to the original dimensions. 

(iv) Discharge induced involvement of surface sediments into the coating. 
Depending on particular electrolyte systems, insoluble and poorly- 
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5.7 Schematic of growth thickness evolution of plasma electrolytic 
oxidation coating: 1 = conventional anodizing film; 2 = substrate; 3 = 
inner growth layer; 4 = outer growth layer; (a) (b) in the initial stage; 
(c) (d) (e) in the medium stage; (f) in the final stage, the surface 
roughening of the coating is striking. h = whole thickness; h, = outer 
growth thickness; h2 = inner growth thickness. 
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movable gels such as Al(OH), or H,SiO3 continuously deposit on the 
coating surface (Fig. 5.2h), the subsequent discharge process inducing 
the hydrated polygels to pyrolyse to form oxide products, which 
further involves the outer layer through channel effect. The different 
gel products from electrolytes deposited on the surface sediment layer 
will inevitably result in distinct external phases (such as SiO», ZrO,, 
Al,O3 in the coating, which can be tailored to specially structured 
coatings for various applications, thus enhancing the design flexibility 
of coatings. In Section 5.3.2, the diversity of coating composition will 
be discussed depending on the electrolyte species. 

Discharge induced repeated melting—solidification process. The coating 
of nanocrystalline grains combined with a small amount of amorphous 
phase forms as a result of solidification of melting products under rapid 
cooling by the cold substrate and electrolyte, as shown in Fig. 5.5b. 
The instantaneous temperature gradient around the discharge channel 
makes it easier to generate the columnar crystal structure along the edge 
of the discharge channel (Fig. 5.8). At the same time, the as-formed 
coating products are subjected to the melting—cooling—crystallization 
process under the instantaneous local heating and cooling cycle caused 
by the repeated discharge (corresponding to Fig. 5.2c ~ f phases), 
which leads to the formation of complex oxides as well as the possible 
transformation of metastable to high temperature stable phases (e.g. 
anatase to rutile phase transformation). 


5.8 Pores remained after spark decaying and columnar crystal 
microstructure grown on pore walls of plasma electrolytic oxidation 
coating formed on Ti6AIA4V alloy. 
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(vi) Discharge induces no changes of substrate microstructure. Generally, 
the discharge event tends to occur in the coating—substrate interface or 
regions near the interface, accompanied by the formation of discharge 
channels through the coating. While the partial high-energy micro 
area (channel) caused by the discharge is quenched instantly, it is not 
enough to induce any change of substrate texture neighbouring to the 
coating—substrate interface (Fig. 5.9). 


5.3 PEO power sources and process parameters 


Both intrinsic factors (electrolyte compositions and pH) and extrinsic factors 
(power source types, electrical parameters, and electrolyte temperature) 
affect the formation and microstructure of PEO coatings. The composition 
and concentration of electrolyte and electrical parameters used during the 
process play a crucial role in obtaining the desired coatings with special 
phase components and microstructure. 


+-Fine crystalline region 


(a) . : 
TIGAI4V. ; [Coating Plastic 


5.9 Texture of TiIGAI4V substrate after plasma electrolytic oxidation: 
(a), (c) at the coating/substrate interface; (b), (d) far from the 
interface. 
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5.3.1 Power sources 


Figure 5.1 shows a typical schematic of the equipment for PEO treatment. 
During PEO treatment, the parts are immersed in the solution, serving as 
one polar, while the stainless steel plates installed on the inner walls of the 
electrolyser are used as the counter polar. The coatings are prepared in an 
electrolyte solution (acid or alkaline) using a specially designed power source 
which can provide a high voltage and a strong current. The spark discharge 
induced by the applied high voltage leads to localized high temperature 
and high pressure, allowing the formation of coatings composed of not 
only predominant substrate oxides but of more complex oxides containing 
compounds that involve the components present in the electrolyte. 

The specially designed power source for the PEO plays a decisive role 
in the preparation of the high-quality coatings desired for commercial 
applications. To some degree, the evolution of the power source demonstrates 
the developmental progress of the PEO technique. Various types of power 
sources, such as DC sources (Kuhn, 2003; Verdier et al., 2005; Shi et al., 
2006), DC-pulsed sources (Zhao et al., 2005; Nie et al., 1996; Han et al., 
2007), AC sources (Arrabal et al., 2008b; Magurova and Timoshenko, 1995b; 
Timoshenko and Magurova, 2000; Wang et al., 2009; Yerokhin et al., 1999) 
and bipolar pulsed sources (Yerokhin et al., 2005; Jin et al., 2006; Belov 
et al., 2002; Shatrov, 2001a,b; Jaspard-Mécuson et al., 2007; Timoshenko 
and Magurova, 2005) distinguished by different electrical regimes have been 
applied to produce oxide ceramic coatings on light alloys such as Al and Ti 
alloys. The adjustable flexibility of electrical regimes enables one to regulate 
the surface discharge characteristics over a wide range, which is closely 
related to the coating growth, microstructure and associated properties. 

The DC power source developed before the 1970s were used only on 
a lab scale for preparing thin coatings on simple parts due to the limited 
controllability and flexibility of the PEO process caused by the difficulty 
in regulating the surface discharge. Since then, the invention of DC-pulsed 
and AC sources has greatly supported the rapid development and practical 
applications of the PEO technique. DC-pulsed sources allow control of the 
discharge duration by adjustment of the pulse duty cycle. In this way, the 
power energy can be used more efficiently with reduced energy consumption 
induced by interval discharge, and the corresponding microstructure and 
composition of the coatings can be tailored. A larger current density output is 
needed for the higher applied voltage (generally 800 V) due to the additional 
polarization caused by the creation of a charged double layer, thus extensive 
industrial applications are severely limited. In the case of an AC source, 
the additional polarization of the electrode can be avoided, meanwhile 
maintaining controllability of the discharge duration by setting the half-wave 
and full-wave using diode rectifier circuit. The full-wave power source is 
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inclined to accelerate the growth of the anodic films, and the half-wave one 
mainly contributes to the uniformity and fineness of the films (Wang et al., 
2009). However, the limitations in the power (typically 10 kW) and current 
frequency (mains frequency only) are the principal disadvantages of these 
sources that restrict commercial upscaling (Yerokhin et al., 1999). 

Recently, a novel bipolar pulse source, which can supply higher power 
and a wide range of frequencies, has been developed. It is attracting great 
interest for industrial production due to the strong appeal of obtaining a 
much more compact coating at a relatively low cost of energy consumption. 
Yerokhin et al. (2005) recently made a comparison between aluminium 
oxide layer properties obtained by 50 Hz AC and bipolar pulsed modes 
of PEO, confirming that the bipolar pulsed process is able to improve the 
coating morphology, particularly by reducing the thickness of the porous 
outer layer. Investigations from the literature (Jin et al., 2006; Belov 
et al., 2002; Shatrov, 2001a,b; Jaspard-Mécuson et al., 2007; Timoshenko 
and Magurova, 2005) have all shown the importance of the pulse initiation 
delay and duration using bipolar pulsed sources at high frequency (up to 
kHz range). The significantly better properties of the bipolar pulsed samples 
can be attributed to the higher frequency current pulses, which enable the 
creation of shorter and more energetic micro discharge events. As a result, 
they have a more dense coating, resulting in a higher micro hardness 
and a lower friction coefficient compared to the DC samples (Jin et al., 
2006). 


5.3.2 Effects of electrolyte 


The intrinsic effects of the electrolyte can be summarized as follows: (i) first 
and most important, promoting metal passivation to form a thin insulating 
film, which is a necessary prerequisite for dielectric breakdown to induce 
spark discharge; (ii) as the medium for conducting current, transmitting the 
essential energy needed for anode oxidizing to occur at the interface of metal/ 
electrolyte; (iii) providing the oxygen source in the form of oxysalt needed 
for oxidation; (iv) finally and also interestingly, allowing components present 
in the electrolyte to be incorporated into the coatings, further modifying or 
improving the properties of the PEO coatings. 

To meet the prerequisite for dielectric breakdown, additives to promote 
strong metal passivation (such as silicates, aluminates and phosphates) are 
widely used as basic constituents of the electrolytes. The three groups have 
the following advantages: (i) they allow the sparking voltage to be easily 
reached, thus saving time; (ii) components present in the electrolyte (such 
as SiO?-, AlOy and PO;>) are easily incorporated into the coatings by 
poly-reactions and deposition, thus increasing the coating growth rate; (iii) 
usage of environmentally friendly and inexpensive electrolytes produce wear- 
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and corrosion-resistant coatings which are beneficial for the commercial 
producer. 

It has been proved by experiments that simple alkaline electrolytes are 
unfeasible for commercialization of the process, because of lower coating 
growth rates and very high energy consumption. Thus, a complex electrolyte 
composition is commonly desirable for investigation and commercial 
applications. Examples from the published information on the coating phases 
formed on Al and Ti alloys using complex electrolytes mainly containing 
strong passive silicates (aluminates or phosphates) are summarized in Table 
5.2 (Voevodin et al., 1996; Wu et al., 2005; Lv et al., 2006) and Table 5.3 
(Wang et al., 2005b, 2006a, 2004), respectively. Various other specially 
selected electrolytes and their combinations have been successfully developed 
in order to provide diverse functional coatings with biocidal or catalytic, 


Table 5.2 Coating phase constituents formed on Al alloy in complex electrolytes 
mainly containing strong passive silicates (or phosphates) 


Ref. Electrolyte Substrate Electrolyte Phase Potential 
group composition composition applications 
of coating 
Voevodin Silicate B95 alloy Na,SiOz, Al,O3, SiO. Wear resistance, 
et al., 1996 2-20g/L Al-Si-O corrosion 


KOH, 2-3 g/L compound resistance 
Wu et al., Silicate Al-Zn-Mg NaOH, 2 g/L a-Al,03 Wear resistance, 


2005 alloy Na2SiO3, 4 g/L dominated, corrosion 
y-Al,O03 resistance 

Lv et al., Phosphate Pure Al (NaPO3)¢, a-Al,03 Biocidal, 
2006 0.008 m NaOH, y-Al,03 corrosion 
0.025 m AIPO, resistance 


Table 5.3 Coating phase constituents formed on Ti alloy in complex electrolytes 
mainly containing strong passive silicates (aluminates or phosphates) 


Ref. Electrolyte Substrate Electrolyte Phase Potential 
group composition composition applications 
of coating 
Wang et al., Silicate Ti6AI4V Na,SiO3 Rutile Wear 
2006a (NaPOs3)¢ dominated, resistance, 
NaAlO, anatase corrosion 
resistance 
Wang et al., Aluminate  Ti6AI4V NaAlO, Al,TiOg Wear 
2005b Na,CO3 resistance, 
corrosion 
resistance 
Wang et al., Phosphate Ti6AI4V (NaPO3)¢ AIPO, Biocidal, 
2004 NaF dominated, corrosion 
NaAlO, TiO resistance 
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biomedical, ferroelectric, and semiconducting properties on alloys surfaces. 
The scope regarding electrolyte selection and relevant properties will be 
partially described in Section 5.4. 

For specific purposes, anion additives such as Na,WOy, or KyZrFe, for 
enhanced wear and corrosion resistance, as well as fine powder additives such 
as hard, high melting point materials (SiC, ZrO.), dry lubricants (graphite, 
PTFE), colouring agents (Cr,03, V,03) and bioactivity HA, can be introduced 
into the electrolytes, integrating cataphoretic effects to be incorporated into 
the coating. 

Experiments carried out by Wang et al. (1999) revealed that the addition 
of NayWO,-2H,0 salt to the electrolyte marginally increases the ratio of 
the thickness of the internal dense layer to the total coating thickness, while 
the coating deposition rate decreases. Super-hardness phases of m-ZrO, and 
t-ZrO, have been incorporated into the coatings on Mg alloys (Luo ef al., 
2009; Mu and Han, 2008) and Ti alloys (Yao et al., 2008) by introducing 
soluble K,ZrF¢ into the electrolytes, and the as-obtained coating containing 
the ZrO, component is beneficial for the enhancement of wear and corrosion 
protection as well as heat insulation. 

Arrabal et al. (2008a,b) have reported that zirconia particles can be 
incorporated into coatings formed by DC and AC PEO treatments of 
magnesium, and these coatings have comprised two main layers with zirconia 
particles incorporated preferentially into the inner layer regions and at the 
outer layer. Though relatively little zirconium is present in the inner layer, 
it can be evidenced that nanoparticles suspended in the electrolyte can reach 
the inner layer via short-circuit paths. Investigations conducted by Wang et 
al. (1999) indicated that the addition of silicon carbide (SiC) powder to the 
electrolyte reduces the ratio of the dense layer thickness to the total coating 
thickness. The SiC phase is entirely present in the external porous layer 
of the coating and thus does not enhance the wear resistance of the PEO 
coatings. 

As well as the limit of greater power consumption, the short service 
lifetime of the electrolyte is another obstacle and challenge for industrial 
applications, which also affects the reproducibility of coatings and increases 
costs by having to update the electrolyte. In fact, almost all the published 
literature involves the development and optimum of electrolytes (including 
composition and concentration) for desirable coating properties, while issues 
on stability of the electrolyte restrict extensive applications. Therefore, 
selection of reasonable stabilizers and further optimization of the electrolyte 
composition to improve long-term stability is still an important research 
direction. In addition, on-line surveying and maintenance of electrolytes is 
another problem ahead of industrial producers. A possible way is to detect 
the real-time conductivity of the electrolyte and try to maintain a constant 
value by the addition of adjusting components. 
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5.3.3 Effects of electrical parameters 


The larger amount of the porous outer layer of the coating leads to lower 
mechanical hardness, and thus worse performance. Much effort has been 
devoted to limit or to suppress the growth of the porous layer during PEO 
treatment. A way to achieve this requirement is to optimize the electrolyte 
composition. Another approach consists of using special current regimes such 
as bipolar pulses of current combined with optimal electrical parameters. 
In Section 5.3.1, it was established that the bipolar pulsed process is able 
to improve the coating morphology, especially by reducing the thickness of 
the porous outer layer by much shorter and less energetic micro discharges 
in the high frequency range. 

A typical bipolar pulsed source, as an example, and the effects of electrical 
parameters (voltage, current, duty cycle and frequency) on the microstructure 
of the coatings formed on Ti6Al4V are therefore now discussed. The 
corresponding parameters and waveforms of the bipolar pulsed power source 
are given in Fig. 5.10. The pulse parameters (voltage or current, pulse on and 
off time, and working time for positive and negative pulse packets) can be 
adjusted independently of each other using respective electronic amplifiers. 
The independent adjustment of different current pulse parameters provides 
great flexibility in selecting the discharge intensity adequate for a specific 
coating microstructure. From our experience, it is the positive pulse rather 


Tp, Pulse number: 20 


~yV 


Tn, Pulse number: 2 


v 


5.10 Schematic of bipolar pulse output of plasma electrolytic 
oxidation power supply unit: (fo,: positive pulse on time; tor: positive 
pulse off time; t’.,: negative pulse on time; t’o#: negative pulse off 
time; T,: working time for positive pulse packet; Ty: working time 
for negative pulse packet; J,,: positive average current destiny; J’,): 
negative average current. 
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than the negative pulse that plays a crucial role in the formation of the 
coating microstructure. The negative pulse is interspersed with the positive 
pulses only as a means to interrupt the spark discharges, permit the surface 
to cool, and induce the re-conversion of soluble components into metal 
oxide. Therefore, the number of pulses in the positive packet is much more 
than that in the negative packet, as shown in Fig. 5.10, twenty and two for 
the number of positive and negative pulses in one packet, respectively. 
The sparking discharge duration and intensity depend on the pulse-on 
time and energy, respectively. The single pulse energy E, is defined as: 


E, = i U,1, dt [5.5] 


P p*p 


where U, is the pulse voltage, /,, the pulse current and ¢, the pulse-on time. 
Therefore, a change in the pulse cycle can regulate the surface discharge 
characteristics, which are responsible for the growth, microstructure and 
phase composition of the coatings. 

Taking PEO of Ti6Al4V substrate as an example, only one parameter 
at a time was allowed to change in detecting the evolution of coating 
characteristics. Table 5.4 summarizes the effect of positive pulse parameters 
on the growth and microstructure of PEO coatings. It has been established 
from Table 5.4 that coating growth rate and surface morphologies depend 
mainly on the single pulse energy of the discharge. When increasing pulse 
voltage (reducing frequency, increasing duty cycle, or increasing current 
density), the single-pulse discharge energy rises, thus the coating product mass 
by a single pulse increases, finally resulting in increasing growth rate of the 
coating. In addition, increase of the single-pulse discharge energy leads to 
rapidly rising temperature in the local discharge zones by heat accumulation, 
which induces a much stronger hot plasma effect. As a result, larger size 


Table 5.4 Effect of positive pulse parameters on growth and microstructure of 
microarc oxidation coatings formed on Ti6AI4V 


Electrical parameters Coating thickness Surface Phase composition 


morphology 
Voltage (V) Voltage T, GrowthT Anatase TiO, 
350,400,450,500,550 (4~33 um) dominated, 
Frequency (Hz) Frequencyl, Surface changes as rutile 
1800,1400,1000,600,200 GrowthT porosity!, pore dominated, 
(6~36 um) diameter, transforms 
Duty cycle Duty cycle T, surface anatase to rutile 
4%, 8% ,12%,16%, 20% Growth T roughness (TiO,). 
(10~35um) 
Current density Current density 7, Slight phase 
(mA-cm~?) Growth T(17~21um) transformation 


40,60,80,100,120 
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pores are formed on the coating surface leading to high surface roughness. 
Meanwhile, the increasing single-pulse discharge energy is responsible for 
the phase transformation from anatase to rutile TiO. Experiments conducted 
on D16 aluminium alloy (wt.%: Mg 1.2~1.8, Mn 0.3~0.9, Cu 3.8~4.9, Si 
0.5, Zn 0.3, Fe 0.5, Ti 0.1, Al bal.) by Kuskov et al. (1990) also revealed 
that discharge intensity increase caused by increasing voltage and current 
density leads to higher coating hardness, which is attributed to increasing 
a-Al,03 content. 

Generally, for a certain electrolyte system and alloy substrate, the coating 
growth rate and surface morphologies can be tailored by the optimization 
of electrical parameters. Recently, a controlled oxidation mode by stepped 
adjusting of electrical parameters has been proposed to improve the density of 
coatings (Wang et al., 2005a), taking a constant current density of 60mA-cm~ 
combined with the stepwise adjustment of the positive duty cycle to make the 
coating more dense and homogeneous in structure. During the first stage, the 
coating grows quickly at a relatively high duty cycle of 8%; while in later 
stages, smaller grains are produced because of the stepwise decrease in the 
duty cycle (to 2%) and these partly seal the originally formed bigger pores 
and cracks. A stepped decreasing current density conducted by Liang et al. 
(2007a) significantly improved the microstructure of oxide coatings compared 
with the constant current density mode, which is associated with changes in 
behaviour of spark discharges by the decaying current density in the later 
stage leading to sealing of the originally formed large micropores. 

In essence, the effect of relative distance between the electrodes on the 
process can be attributed to the discharge intensity. Experimental results by 
Wei et al. (2007a) show that anode currents decrease with larger distances, 
and the current flowing through the front surface of the sample is higher 
than that through the back surface. The higher current density induces the 
strong discharge intensity, thus leading to the thicker and harder coating, 
which explain the fact that the front surface has better tribological properties 
and higher corrosion resistance than the back surface. Thus, to produce a 
uniform coating, it is better to use double or multi cathodes and maintain 
the equal distance from the sample surface. 


5.3.4 Influences of alloy compositions 


Alloys with a high content of Si (such as high-silicon die castings) or Cu 
(such as high-copper aluminium alloys) are rather difficult to anodize with 
traditional anodizing processes. This problem can be resolved by using the 
PEO process although it has the disadvantages of local flaws at Si (or Cu) 
aggregation sites and slightly higher power wastage. Silicon and copper are 
the main elements that cause irregular features in the PEO coating (He et 
al., 2009). The irregular degree increases with increasing silicon content in 
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the alloy, while it still achieves a coating with Si up to 20%, though the 
hardness value declines due to high porosity. 

Irregular features in the micro texture of the substrate alloy can affect the 
initial growth of the coating. Duan et al. (2007) found that PEO films formed 
on the a-phase in AZ91D alloy had a higher growth rate than those on the 
B-phase, and the growth of PEO films formed on the £-phase was mainly by 
virtue of lateral growth of the oxide films formed on the a-phase. This can 
be attributed to the higher reactivity of the a-phase, which tends to release 
more Mg”* to participate in film formation reactions under the effect of the 
high electric field and high Joule heat (Ambat et al., 2000). 

Light metal—matrix composites reinforced by particles or fibres, with their 
outstanding combination of low density, high specific strength and high specific 
stiffness, have promising applications in the automotive, aeronautic and 
recreational industries. However, they become more susceptible to corrosion 
in various environments, due to either localized corrosion, or galvanic reaction 
between the reinforcements and the matrix, and selective corrosion at the 
interface because of the formation of new compounds compared with the 
corresponding light alloy. Conventional anodizing has been used to prepare 
thin coatings on metal-matrix composites such as A18090/SiC (Shahid, 1997), 
A6061/(A1,03)p (Picas et al., 2007), when the particles or whiskers existing 
in the interface disrupted severely the continuity of the thin film, so the 
protection properties were limited. Recent investigations (Xue et al., 2006; 
Xue, 2006; Arrabal et al., 2009; Lee et al., 2008; Wu et al., 2007; Wang 


Table 5.5 Coating formed on metal-based composites by PEO process 


Ref. Substrate* Incorporated Electrolyte Coating 
species (base) Phase Application 
dimension composition 

Xue et al., 2006; 2024/15% ~12.8um Na,SiO3, mullite, Corrosion 

Xue, 2006 SiCp 6-10 g/L a-Al,03, resistance 

KOH, 1-2 g/L ¥-AlzO3, 
amorphous 
SiO, 
Arrabal et al., ZC71/12% ~2 and Na2SiOz, MgO, Corrosion 
2009 SiCp 20um 0.05mu Mg,SiO, resistance 
KOH, 0.1 mullite, 
Lee et al.,2008 A356/20) - Na2SiO3, a-Al,03, Corrosion 
%SiICp 15 g/L y-Al,03 and wear 
NaAlO,, resistance 
3 g/L 

Wu et al., 2007; AZ91/22% —- Na,SiO3, MgO, Corrosion 

Wang et al., Al,gB,033w, 15 g/L KF, 8 g/L Mg SiO, resistance 

2006c, 2005 AZ91/22% KOH, 8 g/L and MgF, 

SiCw 


* w = whisker, p = particle 
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et al., 2006c, 2005c; Cui et al., 2007) (Table 5.5) have indicated that PEO 
is very promising as a replacement for conventional anodizing to fabricate 
high-performance coatings on Al or Mg based composites. However, the 
reinforcement phases (such as particles, whiskers or fibres) in the metal 
matrix of the composites inevitably affect the microarc discharge process and 
lower the efficiency of coating growth (Picas et al., 2007; Xue et al., 2006; 
Lee et al., 2008), because they destroy the integrity of the barrier layer at 
the initial oxidation stage. Xue et al. (Shahid, 1997) believed that most SiC 
reinforcements are melted, to become silicon oxides, due to high-temperature 
sintering in the spark discharge channel. However, Arrabal et al. insist that 
SiC particles are incorporated largely unchanged into the coatings (Xue et 
al., 2006). Though the surface properties are enhanced after PEO treatment, 
the deteriorating effect of the coated surface on the mechanical properties 
of the bulk composite cannot be ignored. A recent study has indicated that 
PEO surface treatment decreases the UTS and elongation of the Mg-based 
materials (Arrabal et al., 2009), which may be induced by more structural 
flaws of the coating and substrate—coating interface. 


5.4 Properties and applications of PEO coatings 
5.4.1. Basic and unique characteristics of PEO coatings 
Surface porosity 


Depending on the spark discharge essence as described in Section 5.2, pore 
formation in the coatings is inevitable. Evidence is presented by Curran and 
Clyne (2006) for the presence of sub-micrometre, surface-connected porosity 
in such coatings on aluminium alloys, at levels in the order of 20%. High 
porosity (up to 40%) was found on coatings formed on Mg alloys (Popova 
et al., 1999), 

This porosity has an important influence on various properties and 
characteristics of coatings (Curran and Clyne, 2006). The pores on the coating 
surface are largely inter-connected, which can provide natural ‘cages’ for 
surface impregnation with a wide variety of compounds, including paints, 
lubricants, sol-gels and polymers (such as PTFE), to achieve duplex coatings 
for enhanced properties (partially reviewed in Section 5.5.1). The porosity may 
by partially responsible for the low stiffness and the low thermal conductivity 
of the coatings. A reduced stiffness limits the differential thermal expansion 
stresses and a low conductivity favours an effective thermal barrier function, 
which is beneficial for the thermal protection of the substrates (as will be 
discussed in Section 5.4.5). Porosity in the coating can induce adverse effects, 
such as reduced hardness leading to low wear resistance, and poor corrosion 
resistance from the penetration of corrosive liquids through the pores (as 
will be discussed in Sections 5.4.2 and 5.4.3) 
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High adhesive strength between substrate and coating 


It has been mentioned that high adhesive strength of coatings can be 
achieved using the PEO process. However, such statement is mostly based on 
experimental observations rather than on direct experimental data. Recently, 
scratch tests have been applied to evaluate the adhesive strength of PEO 
coatings formed on titanium alloys. However, various conclusions have been 
drawn. Yerokhin et al. (2000) measured the adhesive strength of coatings 
formed in different electrolytes, and found that the highest critical load Lc2 (96 
N) was obtained in coatings formed in KAIO,/Na3PO, electrolyte. However, 
using the same method, other investigators (Gnedenkov et al., 2001a; Huang 
et al., 2003) and this author found no effective data owing to lack of the 
distinct acoustic launching signals caused by coatings failure. Possibly, this 
is attributed to the higher adhesion strength of coating to substrate compared 
with the internal strength of the coatings. A shear test conducted by Wang 
et al. to evaluate the adhesion property indicated that PEO coatings have a 
high adhesion strength of 110 MPa for an Al,TiO; dominated coating (Wang 
et al., 2005b) and 40 MPa for an AIPO, predominant coating (Wang et al., 
2004), respectively. The AlPO, predominant coating, mainly relying on the 
deposit of external components, showed the lower adhesion. Generally, the 
more prevailing the cohesive failure, the stronger is the adhesive strength 
of coating to substrate is. In general, the thicker the coating, the weaker the 
adhesion strength of coating to substrate is. 


Internal stress of the coating 


It is well known that the internal stress of a coating affects physical and 
mechanical properties such as hardness, adhesion, wear resistance and fatigue 
cracking. Therefore, evaluating the residual stress in the PEO coating is 
very valuable as a measure for mechanical damage. Recently, Sin” y X-ray 
diffraction technique was conducted by Khan ef al. (2005) to evaluate the 
residual stresses in oxide ceramic coatings produced on BS Al 6082 alloy, 
indicating that internal normal stress in the coatings ranged from —111 
(+19) MPa to -818 (+47) MPa and shear stress ranged from —45 (427) MPa 
to —422 (+24) MPa, depending on the applied duty cycle and frequency 
parameters used during pulsed unipolar PEO treatment. Guan et al. (2008a) 
reported, based on a finite element method, that the compression strength 
of the coating is about 600 MPa. In addition, a four-point bending test was 
conducted to reveal the mechanism of cohesive cracking and spallation in 
the coating. This indicated that plastic deformation in the substrate is due 
to interfacial crack extension, so the interface crack mode of the coatings is 
ductile. 
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5.4.2 Wear resistance properties 


Wear resistance properties of coatings mainly depend on hardness. The 
hardness of PEO coatings formed on light alloys (Al, Mg and Ti) ranges from 
400-2000 HV, mainly depending on the alloy species and the coating phase 
compositions formed in various electrolytes. For example, distinguishing by 
the phase products, the hardness of Al,O3 dominated coatings on Al alloys 
is high, ranging from 800-2000 HV; MgO-predominant coatings on Mg 
alloy are of low hardness, from 300-600 HV; while, TiO, coatings on Ti 
Alloys maintain a moderate hardness of 400-700 HV. As summarised in 
Tables 5.2 and 5.3, for a certain substrate, the coating phase compositions 
can be tailored according to the different electrolyte systems (silicates, 
aluminates or phosphates). Among them, Al,O; (especially a-Al,03) phase 
incorporated in the coating by high aluminate content electrolytes imparts 
higher hardness. In addition, hard SiC or ZrO, particles can be introduced 
into the electrolytes, and are incorporated into the coating by integrating 
cataphoretic effects, which further promotes the hardness. 

Due to the high hardness and high adhesion strength of PEO coatings, 
they are promising as alternatives to replace the conventional hard anodizing 
process materials. A comparative investigation carried out on 6061Al by 
Krishna et al. (2006) has indicated that the hard-anodized coatings reduced 
the abrasive wear rate of 6061 Al alloy by a factor of two, while the PEO 
coatings reduced the wear rate by a factor of 12-30. Micro crack driven 
damage accumulation and coating removal in the form of flakes is the wear 
mechanism associated with PEO coatings. Tribological performance of PEO 
coatings under diverse wear modes such as abrasion, erosion and sliding wear 
was found to be comparable to that of detonation sprayed alumina coatings 
and bulk alumina (Krishna et al., 2003). 

In terms of energy savings, low friction and low wear loss are desirable 
to reduce the friction between sliding pairs. Therefore, recent investigations 
have focused on fabricating antifriction coatings on titanium alloys by the 
PEO method (Wang et al., 2006a; Gnedenkov et al., 2000, 2001b; Yerokhin 
et al., 2000). Generally, TiO, dominated coatings formed on Ti alloys in 
phosphate or silicate electrolyte reduce the friction coefficient down to 
0.1-0.2 against steel in light load conditions of less than 10 N, which is 
possibly attributed to the nanocrystalline structure and low friction nature 
of the TiO, material. Voevodin et al. (1996) found that an Alo 6Sip 9800 66 
coating formed on B95 alloy has the lowest friction coefficient, of 0.15—0.25, 
depending on the test environment. Application of this coating decreased 
the wear rate of components fabricated from an Al-based alloy by several 
orders of magnitude and permitted operation of coated friction pairs at 1 
GPa contact load. 

The high wear resistance provided by PEO coating endows light alloys 
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with great potential for replacing steel rotating or structural frames. Similarly, 
coated magnesium parts can replace aluminium parts or coated aluminium 
can replace titanium parts. The weight saving effect by such replacements 
produces great commercial efficiency by improved performance or reduced 
fuel consumption in the automotive, aircraft and aerospace industries (see 
Chapter 18). 

PEO-coated engine parts have increased durability and promote combustion 
efficiency. An example is a PEO treated piston in a natural gas engine. The 
coating (of 30 um thickness) was prepared on a ZL108 aluminium alloy 
piston using a silicate electrolyte. Figure 5.11 demonstrates the damage 
morphologies for an uncoated and a PEO coated piston after a rig test. 
After a 380h sliding test, pit corrosion appeared on the contact surface of 
the uncoated piston. After a 1000h test, severe damage, with top loss by 
ablation, occurred on the uncoated piston specimen (Fig. 5.11a), while the 
coated piston kept a complete surface without any pit corrosion or flakes 
(Fig. 5.11b). 


5.4.3 Corrosion resistance properties 


Among light alloys, Mg alloy is most active and thus sensitive to corrosion, 
followed by Al alloy and Ti alloy. PEO can significantly improve the corrosion 
resistance properties of Mg and Al alloys. Electrochemical impedance 
spectroscopy results show that the porous outer layer of the coating formed 
on AM50 magnesium alloy is inconsequential with respect to corrosion, as 
the corrosion resistance depends on the compact inner layer of the coating 


5.11 Macro morphologies for (a) damaged uncoated piston and (b) 
complete plasma electrolytic oxidation coated piston after indoor test 
for 1000h. 
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(Ghasemi et al., 2008); exactly the same is true for PEO treated Al and Ti 
alloys. This is largely because corrosive liquids can easily penetrate through 
the porous outer layer to contact the compact inner layer, so the inner layer 
plays the critical role in the inhibition of corrosion. 

A large discharge intensity (even arc sparks) is responsible of high porosity 
through the layer, which is unfavourable for anti-corrosion performance. 
So many studies are devoted to avoid the formation of the porous ceramic 
layers, in different ways: e.g. by the use of complex electrical anodic 
regimes, such as alternating and pulsed voltage or current signal during 
PEO treatment (Mécuson et al., 2005, 2007). As discussed in Section 10.4.1, 
the pores existing in the coating surface provide natural ‘cages’ for the 
surface impregnation of sealing additives (boiling water, chromate, silicate, 
phosphate, sol-gel and organic species) to enhance the corrosion resistance 
properties (Zhang et al., 2007). When sealed, PEO coatings on aluminium 
will withstand over 2000 hours in salt fog (ASTM B117) while coated 
magnesium can withstand over 1000 hours. Figure 5.12 shows an example 
on a PEO-treated seawater filtering device of ZL114 aluminium alloy for a 
corrosion resistance application in a marine environment. By sealing with 
a silicate salt, the coating with a thickness of 20 um formed in phosphate 
solution can endure salt spray exceeding 1500 hours with no sign of corrosion 
attack. 

Galvanic corrosion is a major obstacle to the coupled use of light alloys 
with other metals. Light alloys (especially Mg and Al) are more active in 
the galvanic series and always act as an active anode when contacting other 
metals. In industrial applications, light alloys will unavoidably be in contact 
with steel, Cu and other metal components. PEO coating has proved effectively 


5.12 Plasma electrolytic oxidation treated seawater filtering device of 
ZL114 aluminium alloy for corrosion resistance. 
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in insulating or blocking direct contact between light alloys and other metals, 
thus eliminating galvanic corrosion (Xue et al., 2007; Barchiche et al., 2008; 
Gordienko et al., 1993). Galvanic studies of the coated Al alloy coupled with 
copper, conducted by Xue ef al. (2007) indicates that treatment with a thick 
PEO coating can suppress the galvanic corrosion of LC4 alloy 


5.4.4 Dielectric properties 


Barium titanate is an important functional material in the electronics industry 
because of its superior dielectric, ferroelectric, piezoelectric, pyroelectric, and 
electro-optical properties. Using those characters, BaTiO; films formed on 
Ti by PEO may find application in ion sensors, biosensors and pH sensors 
because of their high dielectric constant. Crater-shaped and large-grained 
BaTiO; films are formed at voltages above 60 V by PEO (Wu and Lu, 2001; 
Lu et al., 2002). 

Ceramic products (such as Al,03, SiO2, ZrOz) formed on light alloy 
surfaces have high electrical resistance and breakdown strength, so possess 
a great potential for insulating coatings. The coatings formed in silicate-rich 
electrolytes have a greater thickness with a higher mass rate, especially if 
components containing SiO, are incorporated into the coating, and this is 
beneficial for increasing dielectric strength. Dielectric strength up to 2500 V 
can be reached, depending on the coating specification and the alloy. As an 
example, a PEO coating can replace the commonly used electric insulation 
painting material to make sensors, which not only simplifies the sensor 
structure, but also increases the stiffness reliability and accuracy. 


5.4.5 Thermal protection properties 


Thermal barrier coating requires a property combination of low thermal 
conductivity, good oxidation resistance and thermal shock resistance. PEO 
coatings are becoming attractive for the thermal protection (Curran and 
Clyne, 2005; Curran ef al., 2007) of metals working in high temperature 
environments. Recent investigations by Curran et al. (Curran and Clyne, 
2005) on the thermal physical properties of PEO coatings have proved that 
thermal conductivity as low as 1 W m'! K™! can be achieved, which paves 
the way for thermal barrier applications. Although the phase compositions of 
the coatings formed on aluminium and magnesium substrates are different, 
there is no appreciable difference in their low thermal conductivities, 
which is mainly attributed to the special microstructure of fine grain size 
together with a significant proportion of amorphous phase. Comparatively, 
the mullite-rich PEO coating grown on aluminium alloys in silicate-rich 
electrolytes gives a slightly lower thermal conductivity of 0.5 W m7! K7! 
(Curran et al., 2007). 
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High thermal shock resistance of the coatings is very important for a long 
lifetime of metallic components serving under high temperature conditions. 
After thermal shocking for 25 cycles at 500°C and 700°C of PEO coatings 
on Ti6Al4V (Wang et al., 2006b) and for 40 cycles at 450°C of PEO 
coatings on pure aluminium (Shen ef al., 2008), the coatings did not show 
any spallation except for some minor microcracks, indicating good thermal 
shock performance and adhesion to the substrate. The porosity in the coating 
may pose beneficial effects: (1) the pores can help microcracks to propagate 
in more directions, thereby inhibiting very large crack formation; (ii) pores 
lead to a low stiffness, which will reduce the magnitude of thermally- 
induced stresses and improve the resistance to spallation during temperature 
changes. 

Although there exist many pores in the coatings (porosity reaches up 
to 20%, as will be discussed in Section 5.4.1), only a very small number 
of pores locate in the compact inner layer without interconnection, which 
can serve as an effective inhibiting layer for active oxygen penetration at 
high temperature. The coating formed on Ti6Al4V demonstrates good anti- 
oxidation properties after oxidation for 80h at 700°C. The weight gain is 
about 0.98 mg/cm”, which is much lower than that of the Ti6A14V substrate 
(20 mg/cm?) (Wang et al., 2006b). The similar experiments conducted by 
Yao et al. (2007) on Ti6A14V are in good agreement with the these results. 
PEO is an alternative method of improving anti-oxidation of TiAl] alloy and 
isothermal oxidation tests indicate that the oxidation resistance is improved 
by three times (Li et al., 2007). 

Therefore, PEO coatings formed on metal substrates exhibit a low thermal 
conductivity, good thermal shocking and oxidation resistance properties, 
which gives them great potential for thermal barrier coating applications 
at high temperatures. The high heat resistance of the PEO coatings may 
be valuable in manufacturing protective barrier coatings for spacecraft and 
missiles. 


5.4.6 Optical properties 


The colour of PEO coatings can be changed over a wide range, depending on 
the process conditions such as substrate metal types, electrolyte composition 
and concentration, and electrical, and temperature parameters. Among them, 
alloying elements in the substrate and the composition and concentration of 
electrolyte play a crucial role for the formation of a specific colour. Some 
colouring additives such as KMnO,, FeSO, Cr203 and NH4VO3 are also 
being developed to offer unique colours, which provide a wide range for 
decorative architecture or optical applications in aerospace. 

Black absorptive coatings formed in eco-friendly electrolytes containing 
blackening additives finds a great potential on Al alloys as thermal control 
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layers applied to aerospace components (e.g. in satellite). PEO coatings 
with vanadium oxide predominating on the surface have been obtained 
on aluminium alloys in phosphate—vanadate (Gordienko ef al., 1993) and 
silicate—vanadate (Li et al., 2007) electrolyte. It is thought that this VO; 
layer results in the black appearance observed. Compared with conventional 
blackening processes using Ni-P coating, sulphuric acid anodizing coating 
or spraying black paints, PEO can be applied to more alloy types and the 
properties of the coatings are satisfactory with low reflectance values (<0.1%) 
and good environmental stability. 

The porous feature of the PEO coating is beneficial for infrared reflection 
applications, Jin et al. (2009) have reported that a porous and rough PEO 
ceramic coating formed on LD31 Al alloy is capable of reflecting active or 
passive infrared waves. The porous and rough surface influences the infrared 
reflection efficiency and significantly decreases the reflection of infrared 
waves from 780 nm to 3000 nm. 


5.4.7. Biomedical properties 


Titanium and its alloys (e.g. Ti6Al4V) have been widely used for orthopedic 
and dental implants due to their good biocompatibility, excellent corrosion 
resistance and high strength-to-weight ratio; however, their bio-inert nature 
restricts their wider clinical applications. PEO can form TiO,-based bioactive 
coatings on titanium substrates by incorporating Ca and P into the coating, 
firstly developed by Ishizawa and Ogino (1995a,b, 1999). To prepare the 
bioactive coatings, electrolytes containing calcium salts such as calcium 
acetate, calcium glycerophosphate and calcium dihydrogen phosphate have 
been explored in the PEO process (Li et al., 2004; Zhu et al., 2001, 2002; 
Song et al., 2004). To increase the Ca content in the coating, Frauchiger et 
al. used a new electrolyte containing Ca-EDTA chelate complex to prepare 
them (Frauchiger et al., 2004). 

Recent investigations indicate that the formation of bioactive components 
in the coatings partially depends on the applied voltage. High voltage induces 
a high spark discharge intensity, which is beneficial for the crystalline 
transformation of as-produced amorphous components. Therefore, at high 
voltages, titania-based duplex coatings with high crystalline components 
of TiO,, CaTiO3, Ca,P,07 and Ca3;(PO,4). (Han et al., 2003; Song et al., 
2004; Huang et al., 2005) or TiO, and HA (Sun et al., 2007; Kim et al., 
2007; Nie et al., 2001) are easily produced, which have high bioactivity; 
however, when treated at low voltages (Zhu et al., 2001; Wei et al., 2007b), 
the coatings are composed mainly of TiO, phases with a small amount of 
amorphous composition, which indicates a weak or even no apatite-forming 
ability (ishizawa and Ogino, 1995b; Han et al., 2003; Wei et al., 2007b). 

To improve the bioactivity of TiO,-based coatings, post-treatment methods 
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such as sol-gel (Li et al., 2005), hydrothermal treatment (Ishizawa and 
Ogino, 1995b, 1999; Baszkiewicz et al., 2005), heat treatment (Yang et al., 
2004; Das et al., 2007) and chemical treatment (Wei et al., 2007b) have been 
developed. Hydrothermal treatment and heat treatment are limited due to 
a significant decrease in the bond strength of the coatings. Alternatively, a 
novel UV-irradiating method (Han et al., 2008) has significantly promoted the 
bonelike apatite-forming ability of the original PEO coating, without obvious 
change in surface roughness, morphology, grain size and phase component. 
The enhanced bioactivity and cell response of the UV-irradiated coatings 
result from increasing Ti-OH groups formed by the reaction of absorbed 
water and oxygen vacancies caused by the UV-irradiation. 

To stimulate bone formation and enhance osteointegration, PEO has 
also been applied to porous titanium surfaces (Sun ef al., 2008), which is 
beneficial for bone ingrowth into the porous structure, thus achieving a strong 
chemical bonding at the bone/implant interface. Strontium (Sr) may indirectly 
inhibit the resorption of the calcified matrix by stabilizing hydroxyapatite 
(HA) crystals, and therefore Sr-doped hydroxyapatite (Sr-HA) film has been 
prepared on titanium substrates (Nan et al., 2009). 


5.4.8 Catalytic properties 


Titanium dioxide and manganese oxide films have been gaining much 
attention as photocatalysts offering practical benefits. Titanium, owing to 
its good mechanical, chemical and thermal properties, is usually used as 
the metal carrier. Design of special electrolytes has enabled PEO to form 
films containing titanium dioxide (Shin et al., 2006, 2003) or manganese 
oxide (Rudnev et al., 2005) on the Ti metal carrier, providing a low-cost 
method of fabricating photo-catalytic films compared with sol-gel processes, 
colloid baking, chemical vapor deposition, evaporation and various reactive 
sputtering depositions. 

To obtain high activity, the micropore size and the content of anatase 
and rutile TiO, phases in the film must be tailored by optimizing electrical 
and electrolyte parameters (Wu ef al., 2003). The manganese-containing 
layers obtained possess catalytic activity in the COCO, oxidation reaction 
in the temperature range of 250—350°C. The catalytic activity depends on 
the concentration and surface distribution of manganese, as well as on the 
morphology of the layers (Rudnev et al., 2005). 

Enhanced anatase crystallinity in the film induced by the addition of 
F into the Na3PO, electrolyte has shown improved visible light absorption 
properties and superior photocatalytic activity compared with undoped TiO, 
film, which was mainly attributed to the new state below the conduction 
band and the enhancement of anatase crystallinity caused by the F ions (Li 
et al., 2006). 
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5.5 New process exploration 


5.5.1. Combined processes with PEO for enhanced 
properties 


The pores existing on the PEO coating surface pose a negative effect on the 
corrosion and wear properties. However, the coatings can be used as pre-treated 
subsurface layers to mechanically support surface layers produced by other 
processes. This will form duplex surface systems with combined property 
improvements, and can extend application areas. Taking advantage of the 
beneficial surface-connected pores, a wide variety of compounds, including 
paints, lubricants, sol—gels and polymers (such as PTFE) can be impregnated 
into the porous PEO layer to achieve duplex coatings for enhanced corrosion 
and friction-reduction properties. Porosity in the porous PEO layer can 
effectively improve adhesion of the top layer to the subsurface layer. 

PEO coatings including alumina, MgO or AI,TiOs on light alloys often 
exhibit relatively high friction coefficients against many counterface materials. 
Duplex treatments, combining a load-supporting PEO ceramic inner layer 
with a low friction or wear-resistant outer layer such as diamond-like carbon 
(DLC) (Liang et al., 2007b; Nie et al., 2000a), electroless Ni-P (Liu and 
Gao, 2006), spraying graphite (Wang et al., 2005c), TiN, Cr(N) (Awad and 
Qian, 2006; Nie et al., 2000b; Ceschini et al., 2008) have been extensively 
investigated to extend light alloys (such as Al, Mg or Ti) to tribological 
applications under medium-to-high contact stresses. Duplex PEO/DLC 
(graphite, TiN, Cr(N)) coatings on soft light alloy substrate exhibit better 
tribological performance than the top low-friction layer or bottom PEO 
monolayer. This is because the PEO sublayer provides improved load support 
to the top low friction layer, and the latter can reduce the shear stress of 
the former because of reduced friction force. This duplex approach presents 
a promising technique for the surface engineering of light alloys for load- 
bearing tribological applications. 


5.5.2 Flexible spraying process 


Normally, parts for PEO treatment must be immersed in an electrolyser, as 
shown in Fig. 5.1. However, it is not feasible to immerse very large and 
heavy parts into an electrolyser. Sometimes only a local region on a larger 
part needs to be PEO treated. Here, the proposed novel mini PEO power 
source associated with a movable spraying polar provides an alternative way 
to address the above problem. Figure 5.13 schematically shows the new 
PEO equipment with a spraying polar for field repairing, which consists 
mainly of a mini volume bi-polar pulse source suitable for easy movement, a 
spraying polar easily held by hand or mechanical fixation, and an electrolyte 
circulating system. The mini bi-polar pulse source outputs the energy for 
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5.13 Schematic for plasma electrolytic oxidation equipment with 
spraying polar for field repairing. 


spark discharge. The spraying polar is connected to the part and enables us 
to restrict the electrical field to the area to be treated on the large part. This 
allows production of spark discharge only in the required area, achieved by 
controlling the size and shape of the spraying polar. This system offers the 
possibility of field repairing instead of replacing the worn parts. Therefore, 
it is very attractive for light alloy parts, rebuilding the damaged area and 
putting them back into service. 

It is also interesting that the mini bi-polar pulse source with spraying 
polar system can be adapted to coat very large parts with sizes larger than 
the immersing electrolyser. In this case, the size of spraying polar must be 
enlarged according to the output power in order to meet high production 
efficiency, because the spraying polar needs to scan the parts surface for 
large area coating. In this way, the maximum surface coating area will not be 
limited by the output power of the processing equipment as in conventional 
immersions oxidation (currently less than 4 m”). However, the process must 
be carefully controlled due to the high voltage used. 

Figure 5.14 shows an example of PEO treated large parts in immersing 
oxidation mode using a 220 kW bi-polar pulse power source with a large 
chilling system. The coating (thickness of 18 um formed on a ZL204 
aluminium alloy reduction gear box in a phosphate solution) can endure salt 
spray for more than 1000 hours with no sign of corrosion attack. However, 
for larger area coating fabrication, a bi-polar pulse source with a spraying 
polar system could be an alternative candidate. 


5.5.3 Internal surface oxidation process 
Metal pipes for transporting circulating water are commonly subjected to 


severe corrosion or erosion, which limits their application in the nuclear 
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5.14 Plasma electrolytic oxidation treated ZL204 aluminium alloy 
large reduction gear-box for corrosion resistance application. 


and marine industries. PEO is being explored to coat the internal surfaces 
of light alloy or Zr alloy pipes. The main design challenge in processing 
internal pipe surfaces is to maintain the stable plasma with release of vapour 
from the pipe. This needs a specially-designed central auxiliary electrode to 
drill axially through the pipe and drive the electrolyte flow in the pipe for 
releasing the vapour. In this way, it enables one to eliminate the shielding 
effect of the electric field and obtain axially uniform coating in the inner 
surface of the pipes. The process has been extended to combine hot-dipping 
aluminium for achieving ceramic coating on the inner surface of 1045 (0.45%C) 
carbon steel pipes (Gu et al., 2007a,b), with the purpose of improving their 
corrosion- and wear-resistance properties. 

Figure 5.15 shows cross-section morphologies of the inner wall of an 
aluminium pipe with inner diameter 43.0 mm coated by PEO using a central 
auxiliary electrode. It can be seen that the coating, of 10 um thickness and 
mainly composed of Al,O3 is relatively dense and uniform, so will provide 
good corrosion and erosion protection. As another example, duplex coatings 
combining PEO impregnated with PTFE have been produced by Gnedenkov 
et al. (2003) to decrease water-scale deposition on the inner wall of heat- 
exchanger titanium pipes used in ships. The as-deposited PEO coating acts 
as a sublayer to improve the adhesion of polymer to the pipe substrate. The 
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5.15 Cross-section morphologies for the coated inner wall of 
aluminium pipe with inner diameter @3.0 mm by plasma electrolytic 
oxidation using the central auxiliary electrode. (a) Cross-section of 
coated pipe inner wall, (b) magnified view of area A in (a). 


duplex coating reduces the rate of salt deposition by approximately 10% 
owing to its specific semiconducting and electrochemical properties; this 
prolongs the serving lifetime and reduces the energy consumption. 


5.5.4 Pre-shot peening process for improving fatigue 


Currently, PEO coatings are attracting increasing interest for many applications 
in aircraft parts, due to their combination of excellent corrosion resistance 
and wear resistance. However, an issue laying ahead of engineers is the 
possibility that the PEO coatings will negatively affect the fatigue life of 
coated samples and if so, how the fatigue performance of coated samples 
can be improved. 

Yerokhin et al. (2004) studied the influence of PEO coatings, on the fatigue 
performance of AZ21 Mg alloy, using two different thicknesses of 7 and 
15 um. They reported that the PEO coatings reduced the bending fatigue 
limit of the Mg alloy by not more than 10%, which was substantially lower 
than the influence of conventional anodizing. Lonyuk et al. (2007) made 
a comparative study on the axial fatigue strength of 7475-T6 aluminium 
alloy coated with hard anodic oxide and PEO coatings. While a 60 um 
hard anodic coating reduced the fatigue strength of the alloy by 75%, a 65 
uum PEO coating reduced the fatigue strength by only 58%. Rajasekaran et 
al. (2008a,b) compared the plain fatigue and fretting fatigue performance 
of PEO and hard anodizing treated Al-Mg-—Si alloy. The plain fatigue and 
fretting fatigue lives of both coated samples were inferior to those of uncoated 
specimens. As the anodized layer had pre-existing through-thickness cracks 
and strong adhesion to the substrate, cracks propagated from the hard anodic 
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coating through the interface into the substrate easily: hard anodizing coated 
samples exhibited inferior fatigue properties compared with PEO coated 
samples. 

The inferior fatigue performance of PEO-coated specimens compared 
with that of the substrate is mainly attributed to the tensile residual stresses 
present in the substrate, which lead to an early crack initiation in the substrate 
adjacent to the coating. The porous outer layer of the PEO coating and the 
uneven substrate—coating interface, which may lead to early crack initiation 
in the coating surface and interface respectively, also have detrimental 
influences on the fatigue performance of coated samples. While the inferior 
fatigue lives of hard anodic specimens were attributed to stress concentration 
at the microcracks present in the oxide layer, the superior fatigue lives of 
PEO samples were attributed to the presence of compressive residual stress 
within the oxide layer. 

Considering the fact that crack initiation is a surface phenomenon controlled 
by residual stress levels near the surface, compressive residual stresses can 
increase fatigue life. One effective way to introduce surface compressive 
residual stresses is by shot peening. Asquith et al. (2006) demonstrated that 
combined shot peening and PEO treatment increased the bending fatigue 
limit of 2024 Al alloy by about 85% when compared to plain PEO treated 
material. Therefore, shot peening can improve the fatigue performance of 
PEO coated samples. 


5.6 Future trends 


Plasma electrolytic oxidation (PEO) is a very attractive, cost-effective, 
environmentally friendly surface engineering technique for light alloys. A 
variety of oxide ceramic coatings with different properties can be produced 
by PEO, which can effectively improve the tribological and corrosion 
properties of light alloys such as Ti and Al alloys. In particular, PEO is 
a unique and irreplaceable technique to fabricate functional coatings for 
specific applications. 

Currently, PEO processes are in a transition phase from research to 
commercial applications, mainly focused on the corrosion- and wear-protection 
of light alloys. It is necessary to further study the fundamentals of the PEO 
technique to advance scientific understanding and to explore new functional 
PEO coatings for high-tech applications. 
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Abstract: Plasma electrolytic oxidation (PEO) is an attractive surface 
engineering process for magnesium alloys. During PEO, the surface of a 
magnesium alloy is converted into a hard ceramic coating, in an electrolytic 
bath, using high energy electric discharges. This can offer improved wear 
and corrosion resistance to various magnesium components, thus expanding 
their fields of application. In this chapter, various aspects of PEO of 
magnesium alloys, such as the basics, processes, properties and applications, 
are discussed and the current status of the PEO of magnesium alloys is 
overviewed. 


Key words: magnesium alloys, plasma electrolytic oxidation, microstructure, 
property. 


6.1 Introduction 


Anodizing is an electrolytic process for producing a thick, stable oxide film 
on metals and alloys that can mitigate the substrate corrosion or be used as 
a base for paint adhesion or dyeing. It is a well-known industrial technology 
for surface protection of light metals, especially aluminium, successfully 
used for many decades. However, the anodic behaviour of magnesium and 
magnesium alloys is strongly influenced by the voltage applied. Generally, 
different passive and active states influencing the coating formation are found, 
dependent on applied voltage, and the alloy and electrolyte compositions. 
However, due to the specific characteristics of magnesium alloys (see Chapter 
1), the low voltage anodizing of these alloys was never successful enough 
to provide sufficient resistance to wear and corrosion. Currently, most of the 
anodizing processes use spark discharges to convert the magnesium surface 
into a ceramic oxide. 

The core part of the anodizing process is the formation of an anodized 
layer that is normally about 5-30 um thick, hard, dense, electrically 
insulating and wear resistant. The layers contain pores whose dimensions 
and distribution are a function of the electrolyte properties, temperature, 
anodizing current density and voltage. Depending on the aggressiveness 
of the environment, an anodized coating can also be additionally sealed 
and/or painted for optimal protection. Although the initial investment for 
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an anodizing treatment is relatively low, the ongoing costs of anodizing 
processes are rather high. Therefore, the use of this technique for surface 
protection of Mg alloys is limited in comparison to conversion coatings, 
e.g. for applications in the automotive industry (Hillis, 2001). Nevertheless, 
applied to many niche products, the coatings have already proven how 
beneficial they can be under wear and corrosive conditions. Ongoing 
research will most likely lead to cheaper processes, thus providing more 
competitive anodizing solutions. 

Looking at the electrochemical conversion treatments available for Mg 
alloys, there are two different groups existing, which can be distinguished by 
the processing voltage as the driving force for the surface conversion process. 
The first group operates below the breakdown voltage — i.e. conventional 
anodizing (see Chapter 4), using the voltage mainly to accelerate and enhance 
the natural passive film formation in the specific electrolytes. The second 
group operates above the breakdown voltages, using mainly discharges at 
the electrolyte/metal interface to enhance film formation, and modify the 
composition, phases and density of the thick oxide films. The high energy 
in the discharges is able to melt substrate and passive films and convert 
them to hard ceramic types of coatings by incorporation of components from 
the electrolyte. The boundaries between the processes are not fixed, as the 
start of the appearance of micro-discharges, often denoted as breakdown 
potential, varies with the type and composition of the substrate alloy, 
electrolyte concentration and composition, and most importantly the type of 
power (pulse, AC, DC). A typical breakdown potential for PEO processing 
of magnesium alloys lies in the range between 100 and 200 V, and the 
final operating voltages are in the range of 300 to 600 V; thus much higher 
voltages than in conventional anodizing are normally used. 


6.2 Plasma electrolytic oxidation (PEO) treatments 
of magnesium (Mg) alloys 


In a PEO treatment, the applied voltage exceeds the dielectric breakdown 
potential of the growing oxide film and micro-discharges occur. These 
discharges are an essential part of the process responsible for incorporation 
of electrolyte compounds into the growing film and sintering it to a densified 
ceramic-like coating. As a result, mechanical properties, e.g. hardness and 
wear, are enhanced but unfortunately, discharge channels remain, thus causing 
an overall porous microstructure. Therefore, in aggressive environments, 
sealing is still required to obtain good corrosion resistance. The process is 
known under various synonyms, such as plasma electrolytic oxidation (PEO), 
micro arc oxidation (MAO), anodic spark deposition (ASD), plasma chemical 
oxidation (PCO), and plasma anodic oxidation (PAO), just to name a few. 
Discussion on the general features of PEO and its application to Ti and Al 
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alloys can be found in the preceding chapter (5). It is currently the most 
frequently used PEO technique for magnesium alloys that will be introduced 
in this chapter in more details. 


6.2.1 Principles and process 


The formation and evolution of the coating on magnesium alloy substrates 
during the PEO process in alkaline electrolytes can be described in four stages. 
The first stage is the dissolution of the magnesium alloy substrate, which 
then results in the formation of a passive film on the surface — comprising 
Mg (OH), and MgO. Depending on the electrolyte used, other compounds 
can be incorporated into the passive film as well. 


Mg —> Mg** + 2e7 [6.1] 
Mg”* + 20H- + Mg(OH), [6.2] 
Mg(OH), —+ MgO +H,0 [6.3] 


Mizutani et al. (2003) have observed Mg(OH), and MgO on anodized coatings 
on magnesium alloys formed at 60 V under non-sparking conditions. 

The second stage is marked by the beginning of sparks on the surface 
due to the breakdown of the passive film, hence termed the breakdown 
voltage. The breakdown voltage is characteristic for a given electrolyte 
system, depending on its composition and conductivity. Upon breakdown 
of the passive film on the surface, a vigorous gas evolution can be noticed. 
The following reactions occur at the anode surface: 


Mg(OH), — MgO + H,O [6.4] 
2H,O — 2H, +O, [6.5] 
2Mg + O. — 2MgO [6.6] 


The sparking characteristics and their intensity vary from electrolyte to 
electrolyte and they are also dependent on the processing parameters, viz. 
applied current density, frequency, etc. At the beginning of the second stage, 
the sparks are very fine and normally possess a very short lifetime. 

With increase in voltage and time, and thus with the growth of the oxide 
layer on the surface, the sparks grow in size — which is described as the third 
stage. The increase in voltage during the first three stages in PEO processing 
is generally quite rapid. 

During the last stage, where the increase in voltage with time is very 
marginal, the sparks grow much bigger in size and have a much longer life 
time compared to the earlier stages. The final PEO layer is compounded 
with MgO, and other phases, viz. magnesium silicate, magnesium phosphate, 
magnesium fluoride, etc., depending on the ingredients of the electrolyte. A 
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typical voltage vs. time plot obtained from PEO processing of a magnesium 
alloy in a silicate-based electrolyte indicating the different stages of PEO — 
highlighting the characteristics of the sparks — is presented in Fig. 6.1 (Bala 
Srinivasan et al., 2009). 


6.3 Microstructure of PEO-treated Mg alloys 
6.3.1 Microstructure 


The microstructural features of PEO coatings are dependent on the processing 
conditions, and the thickness of the coatings can range from 5 um to 200 
um. The coatings have a jagged/wavy interface in most cases, which makes 
them an integral part of the substrate. Characteristically, all PEO coatings 
have a very thin barrier, with a thickness ranging from a few nm to a 
maximum of 2 um. The core ceramic oxide layer is found above the barrier 
layer, growing in thickness with prolonged PEO processing. As the layer 
grows by the continuous discharge process, there are pores being formed 
and incorporated into the coating. Blawert et al. (2005) have described 
the microstructural features of a 120 um thick PEO layer obtained from a 
silicate-based electrolyte as follows: The coating can be divided into four 
distinct regions, viz. (i) a thin inner barrier layer of < 1 Um, (ii) a relatively 
compact intermediate layer just next to the barrier layer with a lower number 
of pores and cavities, (iii) a region of pore bands with visible craters and 
pore channels and (iv) the outermost porous layer with craters on top. The 
above features are schematically represented in Fig. 6.2. This build-up of a 
PEO coating is more or less typical for many PEO coatings produced using 
Si-based electrolytes. 
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6.1 Schematic voltage vs. time plot and representation of different 
stages of PEO coating in a silicate electrolyte (Bala Srinivasan et al., 
2009a). 
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6.2 Schematic representation of cross-section of PEO coatings on 
magnesium alloys (typical features of the layer obtained by SEM 
micrographs are inserted) (Blawert et al., 2005). 


The porosity in PEO coatings is a function of discharge intensity and 
processing duration. Pores of sizes (diameters) ranging from as low as 0.5 um 
to as high as 50 um have been observed for various types of PEO coatings on 
magnesium alloys. The scanning electron micrograph of a typical PEO coating 
of 5-8 um thickness obtained from a silicate electrolyte at low processing 
voltages, viz. 380 V under conditions of fine discharges shown in Fig. 6.3a 
reveals fine and uniformly distributed pores on the surface of an AM50 
magnesium alloy. On the other hand, the surface morphology of a 12-15 
uum thick coating in Fig. 6.3b shows large coarse oxide deposits with large 
pores on the surface. The cross-sectional features of the PEO coatings differ 
greatly depending on the electrolyte and also on the processing conditions. 
Coatings from silicate-based electrolytes (Si-PEO) are, in general, reported 
to be more compact than those produced in phosphate electrolytes (P-PEO). 
Typical scanning electron micrographs of Si-PEO and P-PEO coatings from 
the work of Liang et al. (2007) are shown in Fig. 6.4. Arrabal et al. (2008a) 
and Liang et al. (2009) have observed similar features in P-PEO and Si-PEO 
coatings produced by them. 

Current density is one of the critical parameters for the growth of PEO 
coatings, which to a large extent decides the microstructural features of these 
layers (such as porosity and other defects) and thus their hardness, tribological 
and corrosion properties. Wu et al. (2007a) studied the effect of current 
density on the corrosion behaviour of PEO coatings on ZK60 magnesium 
alloy. Coatings were produced in an alkaline solution containing silicate. It 
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6.3 Scanning electron micrographs showing the surface morphology 
of PEO coatings obtained at two different stages of processing (Bala 
Srinivasan et al., 2009a). 


was reported that a high current density was helpful for the quick growth of 
the oxide layer, but resulted in a coarse microstructure and poor corrosion 
resistance. Within the current density range studied (5-50 mA-cm™~), 20 
mA-cm~ was reported as the optimum condition. Scanning electron micrographs 
of PEO coatings on AM50 magnesium alloy, produced at 15 mA-cm™ and 
150 mA-cm~ in 15 minutes in a silicate based electrolyte are shown in 
Figures 6.5a and 6.5b (Bala Srinivasan et al., 2009). Even though the coating 
obtained at a low current density was thin, it was relatively compact, with 
low defect levels compared to the one produced at a high current density 
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6.4 Scanning electron micrographs showing the cross-sections of 
Si-PEO and P-PEO coatings (Liang et al/., 2007). 


level. High-voltage discharge conditions and the associated higher energy 
input levels were responsible for higher thickness and porosities/cracks as 
well. Thicker coatings produced at higher current density levels had larger 
pore sizes, pore channels and cracks, as seen in Fig. 6.5b. 

Liang et al. (2007a) reported the benefits of modifying the current density 
wave forms in order to realize smooth and compact coatings in a silicate-based 
electrolyte. The employment of stepped and freely decaying current density 
with time, as against a constant one, was reported to be helpful in realizing 
optimal energy intensity during the PEO process, resulting in coatings with 
better microstructural features. Even though the effect of frequency on the 
microstructural features of PEO coatings has not been fully understood, Lv 
et al. (2008) have claimed that the coatings formed at a frequency of 800 Hz 
using a pulsed DC power source had fine pores and a dense structure compared 
with those obtained at 100 Hz in a fluoride—phosphate electrolyte. 


6.3.2 Phase composition 


The phase composition of the PEO coating is mainly influenced by the 
electrolyte composition, and the energy intensity during the discharge is also 
considered to play a role. Coatings produced on an AZ91D alloy using an 
aluminate-—fluoride electrolyte were found to be constituted with MgAl,O, 
and Al,Mg. A large number of research publications on PEO using silicate- 
based electrolytes have shown the formation of MgSiO, as the major phase 
(Liang et al., 2007a; Bala Srinivasan et al., 2009, 2009a). In addition, the 
coatings from silicate-based electrolytes were reported to also contain 
MgO, MgA1LO, and MgF,, depending on the alloy, processing conditions 
and additives employed. Liang et al. (2007a) reported the presence of only 
MgO in the coatings obtained from a phosphate-based electrolyte. However, 
a few other publications have documented the presence of Mg3(PO,)>, as 
well, along with MgO in coatings from similar electrolytes (Liang et al., 
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6.5 Effect of current density on the coating thickness of AM50 
magnesium alloy (in a silicate based electrolyte) - arrows show pore 
channels (Bala Srinivasan et al., 2009). 


2009, Arrabal et al., 2008a). A typical XRD profile showing the results of 
phase composition analysis performed on silicate- and phosphate-based PEO 
coatings on AMS50 magnesium alloy by Liang et al. (2009) is presented in 
Fig. 6.6. 


6.4 Properties of PEO-treated Mg alloys 


6.4.1. Mechanical properties 


The hardness values of PEO coatings can be in the range of 350 HV to 
700 HV, depending on the composition, thickness and morphology of the 
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6.6 XRD patterns showing the phase composition of PEO coatings 
on AM50 magnesium alloy obtained from a silicate (Si-PEO) and a 
phosphate (P-PEO) based electrolyte (Liang et al., 2009). 


coatings. Addition of fluoride and tungstate to silicate-based electrolytes 
have been reported to result in higher hardness (Ding et al., 2007; Liang et 
al., 2005a). However reliable hardness values representing only the coating 
and not a combination of coating and substrate are difficult to obtain due 
to the high surface roughness and porosity preventing the use of nano and 
micro hardness testing. 

Wu et al. (2007b) have reported a decrease in tensile strength and ductility 
(percentage elongation) for the AZ91 magnesium alloy and magnesium 
metal matrix composites after PEO treatment. Coatings produced with 
higher current density (120 mA/cm?) were found to show slightly inferior 
mechanical properties than those obtained at a lower current density 
(60 mA/cm?). The flaws, in the form of pores and the micro cracks, in the 
coatings were attributed to be the reasons for cracking at low stress levels. 
Bala Srinivasan et al. (2008) have also observed similar behaviour for the 
PEO-coated AMS50 alloy in slow strain rate tensile tests performed in air. 

Fatigue performance reduction in anodized metals is normally caused 
by several factors, including oxidation-induced surface tensile stress and 
structural defects in the oxide layer (e.g. pores and micro cracks). In the case 
of magnesium, the combination of these factors appears to be particularly 
disadvantageous, since magnesia has both high specific heat of formation 
and a substantial lattice misfit with the metal. Although the residual surface 
stress could be reduced by adjustment of the film structure and chemical 
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composition, no adequate conventional anodizing techniques have so far 
been found to minimize the risk of premature fatigue failure of magnesium 
alloys. The fatigue strength of the base metal can be reduced during hard 
anodizing, especially in thicker films, and the produced ceramic layer can 
be brittle and not adequate for certain applications (Gray and Luan, 2002). 
However, the plasma electrolytic oxidation (PEO) technique could be an 
approach to reduce this risk (Yerokhin et al., 1999, 2004). 

Compilation of the research work on coated magnesium has suggested 
that the majority of the coatings have a seriously adverse effect on fatigue 
strength, to as much as 40% (Blawert et al., 2006). However, Ferguson et 
al. claim that the Anomag process produces smoother layers, thus offering 
better fatigue behaviour. Extensive testing of coated samples showed that 
the anodizing process did not significantly affect the mechanical properties 
of die cast magnesium alloys (Ferguson et al., 2001). Also Kurze et al. 
demonstrated that the alloy AZ91 coated with 20 um Magoxid-Coat did not 
suffer from an influence of the coating on the fatigue strength in comparison 
to the pure alloy. The tests were performed according to DIN 50100 (Kurze 
and Banerjee, 1996). Further, Yerokhin et al. (2004) reported a substantially 
improved fatigue behaviour of Keronite-coated magnesium alloys, which 
showed no more than a 10% drop in the endurance limit. The improved 
Keronite process was claimed to have provided dense and uniform oxide 
ceramic layers with fine-grained microstructures, which were said to be more 
favourable for components experiencing fatigue loading. 


6.4.2 Tribological characteristics 


The PEO coatings produced on magnesium alloy substrates are hard and 
hence can offer good wear resistance. The commercially available Keronite 
process claims a superior resistance against the CS17 abrasion wheel. Also, it 
is claimed that this coating is resistant to galling (http://www.keronite.com). 
However, there are no detailed reports available on the wear mechanisms of 
these coatings patented by Keronite. 

Published information on the tribological behaviour of PEO coatings is 
limited. Goretta et al. (2007) reported the solid-particle erosion of an anodized 
WE43A magnesium alloy. The PEO layer of 12 um thickness was found 
to have been removed quickly by the impact (at 20° and 90°) of irregular 
alumina particles of nominal diameters of 63 um and 143 um, travelling 
at 120 m/s. Jin et al. (2006) studied the wear behaviour of PEO coatings 
produced using DC and bipolar power sources on AZ91 magnesium alloy. 
The coatings obtained from both systems were reported to consist mainly 
of MgO and the wear resistance of the coating obtained using the bipolar 
power source was better. Higher thickness, hardness and better compactness 
were responsible for the better wear behaviour of the bipolar coatings. 
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Bala Srinivasan et al. (2009c) performed dry reciprocating ball-on-disc 
wear tests at ambient conditions (25 + 2°C, 30 + 2% RH) at three different 
load levels, 2 N, 5 N and 10 N, with an oscillating amplitude of 10 mm and 
at a sliding velocity of 5 mm-s"! for a sliding distance of 12 m. Specimens 
with two different thickness levels were investigated (A = 10 um, B = 20 um) 
and an AISI 52100 steel ball was used as the counter part. The wear tracks 
produced on the PEO-coated magnesium alloy specimens (Fig. 6.7) revealed 
that coating A did not survive the test under 5 and 10 N. Heavy scoring 
marks on the surface, characteristic of adhesive/abrasive wear, are clearly 
seen in A-5N and A-10N micrographs. On the other hand, coating B, with 
a higher thickness, could resist adhesive and abrasive wear damage. The 
optical macrographs of the steel balls, used as the counter material, presented 
alongside the wear tracks suggest that the main wear was transferred from 
the magnesium substrate to the steel ball. It was clearly evidenced that the 
thickness of the PEO coating decided the load bearing capacity and thus 
played a role in preventing the adhesive/abrasive wear of the magnesium 
alloy substrate. 

Liang et al. (2007) assessed the wear resistance of PEO coatings against a 


6.7 SEM micrographs of the wear tracks on PEO coated magnesium 
alloy specimens and optical macrographs of the corresponding 
counter face ball showing the extent of wear damage (Bala 
Srinivasan et al., 2009c). 
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3 mm diameter Si3N, ball in a ball-on-disc oscillating adhesive wear test. The 
friction coefficient values observed for the PEO/Si3,N, sliding couples were 
in the range of 0.6-0.8 as against 0.25—0.30 for the magnesium substrate/ 
Si3;N, couple. The wear resistance of the Si-PEO coating was superior to 
that of the P-PEO coating, which was attributed to the higher hardness of 
the former. 


6.4.3. Corrosion behaviour 


PEO coatings can readily offer good protection to magnesium alloys in 
mild environments and/or for short durations. The corrosion resistance of 
PEO coatings in aggressive environments and for long-term exposures is 
dictated by many factors, including the coating composition, thickness, 
and defect levels. As is well known, these coatings are porous in nature, 
and the extent of porosity and other defects such as cracks can influence 
the corrosion behaviour. Particularly, galvanic attack cannot be prevented 
without additional sealing. The corrosion performance of the PEO coatings 
has been studied extensively by many researchers, an overview of which 
has been given by Blawert et al. (2006). 

The corrosion resistance of a Si-PEO coating on AZ31B alloy to 3.5% 
NaCl solution was reported by Guo et al. (2006). Optical macrographs (Fig. 
6.8) of the specimens exposed to the corrosive environment for 120 hours 
clearly suggest the improved resistance offered by the PEO coating. Similarly, 
Cai et al. (2006) studied the corrosion resistance of silicate and phosphate 
based PEO coatings in 5% NaCl solution by immersion and salt-spray tests, 
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6.8 Surface appearance of PEO coated and untreated AZ31 B 
magnesium alloy specimens after 120 hours of exposure to 3.5% 
NaCl solution (Guo et a/., 2006). 
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and reported the superior performance of Si-PEO coating. Magoxid-coatings 
were reported to withstand salt spray tests in accordance with DIN EN ISO 
9227 for 80-100 hours (http://www.aimt-group.com), and Keronite and 
Anomag coatings have been claimed to withstand 1000 hours of salt spray 
tests in accordance with ASTM B117 (http://www.keronite.com). 

Bala Srinivasan et al. (2009a) showed the beneficial influence of higher 
thickness coatings on the corrosion behaviour of PEO-coated AM50 magnesium 
alloy. The superior corrosion resistance of the silicate based PEO coatings 
over the phosphate coatings was demonstrated by Liang et al. (2007), based 
on short-term polarization tests. An extension of this work addressing the 
long-term corrosion performance of PEO coatings revealed that the Si-PEO 
coating outperformed the P-PEO coating (Liang et al., 2009). Impedance tests 
performed for 50 hours demonstrated the better stability of Si-PEO coating 
than the P-PEO coating in 0.1 m NaCl solution, which was attributed to the 
phase composition, compactness/porosity level and the better substrate-coating 
interface of the Si-PEO coating (Fig. 6.9). 

Information on the environmentally-assisted cracking behaviour of PEO- 
coated magnesium alloys is limited. Bala Srinivasan et al. (2008, 2008a) 
have assessed the tensile and stress corrosion cracking (SCC) of a cast 
AMS0 alloy with and without a silicate-based PEO coating, by performing 
slow strain-rate tensile (SSRT) tests in air and in ASTM D1384 solution. 
The mechanical properties (SSRT tests in air) of this PEO-coated alloy were 
found to be slightly lower than those of the untreated alloy. Even though the 
general corrosion resistance of the PEO-coated alloy was superior, the PEO 
coating could not eliminate the stress corrosion cracking susceptibility of the 
alloy in the tests performed at strain rates of 10~° and 107’ s-!. However, the 
coating could delay the failure under both conditions. The stress vs. strain 
plots obtained from the SSRT tests in air and in the ASTM solution are 
shown in Fig. 6.10. The cracking of the PEO coating due to the straining in 
the SSRT tests and the subsequent seepage of electrolyte onto the substrate 
were responsible for causing the transgranular fracture. Very similar SCC 
behaviour was observed in the case of PEO-coated wrought AZ61 alloy in 
the SSRT tests in ASTM D1384 solution (Bala Srinivasan et al., 2008b). 


6.5 Recent developments in PEO treatments of 
Mg alloys 


Recently, numerous new developments have taken place to obtain high- 
performance PEO coatings on Mg alloys. These were aimed at not only 
improving the tribological and corrosion behaviour of magnesium alloy, 
but also reducing the cost of processing and increasing productivity to suit 
wider industrial applications. 
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6.9 Bode plots from the electrochemical impedance tests of (a) 


Si-PEO and (b) P-PEO coatings in 0.1 m NaCl solution (Liang et al., 


2009). 
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6.10 Slow strain rate tensile behaviour of untreated and PEO coated 
AM50 magnesium alloy in air and in ASTM solution at two different 
strain rates (Bala Srinivasan et al., 2008). 


6.5.1 Process optimization 


The PEO technology has been under continuous development, including the 
employment of different power sources, use of auxiliary gas, and application of 
ultrasonic power, to achieve coatings with better integrity and properties. 

Jin et al. (2006) have used two different modes of power sources, viz. DC 
and bipolar pulsing (BP), for PEO coating of AZ91 D alloy in a silicate-based 
electrolyte. In the BP mode, the rectangular pulse that was applied with a 
frequency of 800 Hz had four stages: 250 Us for the positive pulse, 500 Us for 
the negative pulse, 400 ts between the positive pulse and the next negative 
pulse, and 100 us between the negative pulse and the following positive 
pulse. To maintain a stable average electric density, the voltage was varied 
between 120 and 198 V in the DC mode, and 180 and 470V for the positive 
voltage in the BP mode, whereas the negative voltage was maintained at 
50V during the process. It was claimed that the oxidation rate was quicker 
with the BP mode and the films formed had a dense and compact structure. 
Higher hardness and better wear resistance were observed for the coatings 
produced in the BP mode. 

Similarly, Lv et al. (2008) have reported the development of thin coatings 
with very fine pore sizes and dense structures on ZM5 magnesium alloy in 
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fluoride+phosphate electrolyte at high frequency (800 Hz). Although the 
coatings produced at this high frequency were thin, they had less surface 
roughness and better corrosion resistance than those obtained at 100 Hz. 
The influence of ultrasonic power on the structure and properties of PEO 
anodized coatings formed on AZ31B magnesium alloy was investigated by 
Guo et al. (2004). The application of ultrasonic power at a constant frequency 
of 25 Hz at 400 W was found to enhance the growth rate of anodic coatings. 
Nevertheless, the authors reported the formation of a thin coating with a 
lower power level (280 W), and it appears that there is a minimum threshold 
ultrasound power that is required to enhance the growth rate. There was, 
however, no effect of ultrasound on the phase composition of the coatings 
obtained under all the conditions (with and without ultrasound at two power 
levels). Some patented processes seem to use this technique for an improved 
growth rate and better compactness of coatings. In addition, employment 
of an auxiliary air stream to the electrolyte used for PEO processing of 
magnesium alloys is practised by Keronite (www.keronite.com). 


6.5.2 Additives in the treatment solutions 


The role of additives in the electrolyte on the microstructure and properties 
of PEO coatings has been studied extensively. The addition of potassium 
fluoride to a silicate-based solution was reported to reduce the conductivity 
of the electrolyte and decrease the working voltage range. Further, it was 
helpful in getting a compact coating, thus resulting in better hardness and 
wear resistance, and this was attributed to the spark discharge characteristics 
and phase composition of the coatings (Liang et al., 2005a). 

The effect of an addition of sodium tungstate (Na,WO,) to a silicate- 
based electrolyte was studied by Ding (2007). The breakdown voltage was 
significantly reduced due to the increase in conductivity of electrolyte in the 
presence of 6 g.L! of Na>WOy,. Although the XRD spectra did not show 
the incorporation of any additional phases other than MgO, MgAI1,O, and 
Mg,SiO,, the authors claimed the presence of WO, and metallic W in the 
coatings through XPS analysis. The incorporation of these phases, along with 
the increase of Mg,SiO,, was considered to be responsible for the increase 
in hardness and wear resistance of the resultant PEO coatings. 

The addition of NaAlO, to a phosphate-based electrolyte was reported to 
result in coatings with fine pore sizes (Fig. 6.11). While the coating produced 
with the conventional phosphate electrolyte was constituted with only MgO, 
the formation of MgAI,O, spinel was facilitated with the introduction of 
NaAIO, into the electrolyte. The conductivity of the electrolyte was reported 
to increase with increase in NaAlO, concentration, thus resulting in lower 
breakdown voltages. Due to finer discharges, the coatings produced with 
8% NaAIO, were smoother. Furthermore, a better corrosion resistance was 
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6.11 Surface morphology of microarc oxidation coatings formed 
on Mg alloy in Na3PO,-KOH electrolytes containing different 
concentrations of NaAlO,: (a) without NaAIO,; (b) 1.0 g/L NaAlO,; 
(c) 4.0 g/L NaAlO,; (d) 8.0 g/L NaAlO, (Liang et al., 2005). 


attributed to the higher volume fraction of MgAI,O, and reduced structural 
imperfections in the coating (Liang et al., 2005). 

Addition of CrO3 to the silicate-based electrolyte was examined by 
Blawert et al. (2007). The CrO3 in the electrolyte was reported to reduce 
the coating thickness and also the amount of Forsterite (Mg,SiO4) in the 
coating. Further, the incorporation of chromium species into the layer did 
not yield any better inhibition capabilities. Duan ef al. (2007) studied the 
influence of sodium borate in a silicate-based electrolyte, individually 
and in combination with potassium fluoride. The coatings produced were 
compared with those from an electrolyte containing phosphate and silicate. 
The morphology and cross-section of the coatings shown in Fig. 6.12 suggest 
that those produced with borate and fluoride additions were better in terms 
of pore size and thickness. The corrosion behaviour of the coatings was 
evaluated in 3.5% NaCl solution by potentiodynamic polarization studies. 
The coatings (designated as P — phosphate/silicate, B — borate, M — borate 
+ fluoride) were found to show an increase in corrosion resistance in that 
order (Fig. 6.13). The better behaviour of the borate + fluoride coating was 
attributed to higher thickness, more uniform structure and the more compact 
inner barrier layer of the coating. 
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6.12 Morphologies of PEO films on magnesium alloy AZ91D, 
respectively, treated in solutions containing (a) phosphate, (c) 
borate and (e) both borate and fluoride. (b), (d) and (f) represent the 
respective cross-sections. (Duan et al., 2007). 


Luo et al. (2009) studied Si-PEO coatings obtained from the following 
electrolytes: (i) Zr(NO3),-KOH, (ii) ZrOCl,-KOH and (iii) K,ZrFe—Na,Si03— 
KOH. The phase composition of the coatings from electrolytes (i) and (ii) 
contained ZrO, and Zr, and that obtained from (iii) MgO, SiO, MgF, and 
Mg,SiO,. The improvement in the corrosion resistance at 20°C and 60°C 
was attributed to the presence of these phases and a more compact/thicker 
coating. Coatings containing crystalline TiO, on AM60B magnesium alloy 
were produced by the addition of titania-sol to a phosphate-based electrolyte 
by Liang et al. (2007c). Addition of 4% of titania-sol was found to evolve 
fine sized pores, in a coating consisting of MgO, MgAI1,0,, TiO, (rutile) 
and TiO, (anatase). Polarization studies showed a two-fold improvement in 
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6.13 Potentiodynamic polarization behaviour of PEO films (obtained 
with different additives) on AZ91D magnesium alloy in 3.5% NaCl 
(Duan et al., 2007). 


the corrosion resistance for the coatings containing TiO, when compared to 
the phosphate PEO coating. 


6.5.3. Duplex coatings 


Although PEO coatings offer reasonably good corrosion and wear resistance 
to magnesium alloys, for critical applications with stringent requirements, a 
better tailoring of the surface is necessary. Galvanic attack in combination 
with more noble metals is a special concern. The long-term electrochemical 
and salt spray-test results available in the literature suggest that degradation 
of the coating is governed by the phase composition, thickness and the degree 
of porosity in the coating. In this context, it would be beneficial to apply 
an overlay coat on the PEO coated surface to seal the pores, in order to 
realize even better corrosion resistance. This can be accomplished in many 
ways, and in the last couple of years researchers have attempted electroless 
plating, physical vapour deposition and polymer coatings on PEO-coated 
magnesium surfaces. 

Liu and Gao (2006) have attempted an electroless nickel (EN) plating process 
on a PEO-treated magnesium substrate. Salt fog spray and potentiodynamic 
polarization testing demonstrated that the PEO treatment produces a dense, 
well adhered oxide coating on the AZ91 Mg alloy. The adhesion of the EN 
coating (measured as critical load) was 10.8 N and that of the PEO-EN layer 
was 14.6 N. The presence of the PEO coating on the magnesium substrate 
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acted as an effective barrier and catalytic layer, and also provided high- 
density nucleation sites for the subsequent EN coating, which significantly 
reduced the porosity of the nickel coating and benefited the adhesion strength 
as well. Potentiodynamic polarization studies on the PEO-EN duplex 
coating in 3.5% NaCl solution showed a 2—3 fold improvement in corrosion 
resistance compared to the monolayer EN or PEO coatings. Considering the 
hardness of the magnesium substrate, it would be difficult to achieve better 
wear properties by depositing hard coatings such as TiN, TiC, etc. on these 
substrates directly, as the hardness mismatch between the substrate and 
PVD coatings might result in crumbling of the thin/hard layers. It would 
be worthwhile to improve the hardness of the magnesium alloy surface by 
some means and then provide the overlay hard coatings by PVD. For this, 
the PEO coatings should be very attractive. Tribological behaviour of duplex 
PEO/DLC coatings on a magnesium alloy was characterized by Liang et al. 
(2007b) and was compared with that of the monolayer DLC or PEO coatings 
and the untreated substrate as well. Dry, sliding wear studies showed a very 
high friction coefficient for the PEO coated substrate/Si,N, (ball) couple. The 
DLC coating, even though it showed a low friction coefficient, was found to 
crumble under similar testing conditions (load: 2N, sliding speed: 0.1 m/s, 
sliding amplitude: 5 mm, ambient temperature/humidity). The duplex coated 
substrate, when slid against this ceramic ball, registered friction coefficient 
values of less than 0.2 throughout the test duration. The friction coefficient 
vs. sliding time plots documented in that investigation are shown in Fig. 
6.14 and the SEM micrographs of the worn tracks and the respective wear 
depth profiles are presented in Fig. 6.15. 
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6.14 Dry sliding behaviour of Mg alloy substrate, polished MAO 


coating, DLC monolayer and duplex MAO/DLC coating against Si3N4 
ball (Liang et a/., 2007c). 
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6.15 SEM micrographs and surface profiles of the wear tracks after 
sliding tests: (a) Mg alloy substrate, (b) MAO coating, and (c) duplex 
MAO/DLC coating (Liang et al., 2007c). 


Tan et al. (2005) deposited multi-layer sol-gel coatings on anodized 
magnesium substrates. The sol-gel layers were applied by spraying and, by 
changing the number of passes that the spray gun made over the substrate, 
the coating thickness was varied. One-layer and two-layer coatings were 
produced and cured (UV-curing followed by thermal cure at 150°C) before 
the electrochemical characterization. The mechanism of corrosion protection 
was through the sealing of pores in the anodized layer, which also acted 
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as an excellent barrier for the sol—gel layers. Since defects and porosity in 
the coatings are the main causes of degradation, application of such layers 
minimizes the diffusion of electrolyte through the coating towards the 
interface of the substrate, thereby controlling the corrosion damage. 

Duan et al. (2006) applied a thin, organic coating layer, of the order of 
3-5 um, on PEO coated magnesium substrates by a controlled multi-immersion 
technique under low-pressure conditions. These coatings, termed “composite 
coatings’ by the authors, were characterized for their microstructural features 
and electrochemical behaviour. SEM observations revealed that the sealing 
agent was integrated with PEO film by physical interlocking, thereby 
covering uniformly the surface, as well as penetrating into pores and micro- 
cracks of PEO film. Based on the results of chrono-potentiometric (E~t) and 
electrochemical impedance spectroscopy EIS measurements for long-time 
immersion in 3.5% NaCl solution, the authors concluded that, due to the 
blocking effect of the sealing agent in the pores and cracks of the PEO film, 
the composite coatings could effectively suppress the corrosion process by 
holding back the transfer or diffusion of electrolyte and corrosion products 
between the composite coatings and solution during immersion. 

Bala Srinivasan et al. (2009b) have also reported a very similar enhancement 
of corrosion resistance of PEO + polymer duplex coatings on a wrought 
AZ31 magnesium alloy. While the polymer (poly(ether-imide), Ultem 1000°) 
coated and the merely-PEO treated magnesium alloy specimens lasted less 
than 50 hours in the EIS tests (0.1 M NaCl solution), the specimens with the 
duplex coating (PEO + polymer) successfully resisted 1000 hours without 
showing any degradation. The improved adhesion of the polymer coating in 
the presence of the PEO layer, and the effective sealing of the pores in the 
PEO coating with the polymer, were responsible for the enhanced corrosion 
resistance. The synergistically beneficial effect of the duplex coatings on 
the corrosion behaviour was also witnessed in the salt spray tests. The EIS 
plots obtained for the polymer-coated and the duplex (polymer+PEO) coated 
magnesium alloy substrates are shown in Figures 6.16 and 6.17, which clearly 
demonstrate the beneficial effect of PEO coating as an interlayer, promoting 
a better adhesion for the polymer. 


6.5.4 Composite coatings 


It is known that PEO coatings are harder than the magnesium substrate and 
can offer a superior wear resistance, as demonstrated by researchers. It is 
also believed that the introduction of secondary phases into the porous PEO 
coating may offer even better tribological characteristics. However, dry 
sliding wear tests have revealed that the friction coefficient values for PEO 
coating/steel and PEO coating/ceramic (Si3N,4) couples are higher than that 
for couples of the parent magnesium substrates (Liang ef al., 2007; Bala 
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6.17 EIS spectra of the magnesium alloy with the duplex coating 
(PEO + polymer) in 0.1 m NaCl solution after different durations of 
exposure (Bala Srinivasan et a/., 2009b). 
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Srinivasan et al., 2009a). It would be beneficial if the friction coefficient 
could be reduced by some means. There is not much literature on composite 
PEO coatings. Mu and Han (2008) developed composite coatings comprising 
MgF, and ZrO, from a K>ZrF, based electrolyte with some additives. The 
processing voltage was found to be instrumental in governing the thickness 
and composition, and thus the micro hardness of the coatings. The coatings 
were found to consist of MgF,, tetragonal and monoclinic ZrO , and MgO. 
The bond strength, hardness and corrosion resistance were found to be better 
for the coatings obtained with a higher processing voltage (550 V). 

Arrabal et al. (2008) and Matykina et al. (2008) have experimented 
with the incorporation of particles of monoclinic zirconia during the PEO 
processing, and have investigated the mechanism of coating formation. The 
coatings obtained using a DC power source in alkaline silicate-phosphate 
electrolytes comprised MgO, Mg,SiO, and Mg;3(PO,)> phases, and zirconia 
particles were found to get incorporated preferentially into the inner regions 
and at the coating surface. Due to local heating at the micro discharge regions, 
these monoclinic zirconia particles were found to transform into tetragonal 
zirconia. Also, a MgoZrs5O 2 phase was identified in the PEO coatings when 
zirconia incorporation was attempted in the phosphate-based electrolyte. 
These interesting findings with the nano-particle incorporations provide 
more avenues for further investigation and development of these coatings 
for commercial application. 


6.6 Industrial PEO processes and applications 


6.6.1. Industrial PEO processes 


Parallel to extensive scientific research around the world, PEO coating 
technology is readily available on a commercial basis. Commercial processes 
such as Anomag, Keronite (http://www.keronite.com), Magoxid (http://www. 
aimt-group.com), Tagnite (http://www.tagnite.com), Algan 4 (http://www. 
magnesium-technologies.com) and others have been developed. Among 
them, only the Anomag process is claimed to work without discharges. At 
what voltages the newly-developed plasma gel anodizing process Algan 2M 
(http://www.magnesium-technologies.com) is working — with or without 
discharges — is an open question. Nevertheless, it seems as if all anodized 
coatings obtained from the new electrolytic plasma-based processes share 
quite similar corrosion performances, which are generally better than HAE 
or Dow 17 (see Chapter 4). Additionally, good sealing can further upgrade 
the corrosion prevention properties of all the anodized layers (Blawert et 
al., 2006). 


© Woodhead Publishing Limited, 2010 


Plasma electrolytic oxidation treatment of magnesium alloys 19 


6.6.2 Applications 


The main purpose of PEO oxide layers applied on magnesium components 
is to improve their wear and corrosion resistance. They are used alone, as a 
base for further build up of coating systems, e.g. promoting the adhesion of 
paint and powder coating systems to the magnesium substrate, or as a pre- 
treatment for adhesive bonding. One early example where a PEO coat was 
industrially used in combination with a paint finish is shown in Fig. 6.18. 

Basically, all commercial magnesium alloys independent of their production 
process (cast or wrought) can be treated; thus, there is a large range of 
possible applications across all industrial sectors (automotive, consumer, 
aviation, medical, food, electronics, etc.) which use magnesium for weight 
reduction and have to fight poor wear and corrosion resistance. However, 
despite more favourable properties compared to conversion coatings, the 
disadvantage is clearly the higher cost involved with PEO, limiting the 
number of actual applications. Thus, main competitors of the PEO coatings 
are conversion coatings that are inexpensive and simple in comparison with 
PEO processes. 

Nevertheless, quite a number of applications can be found by screening 
the homepages of AIMT, Keronite and Tagnite. A large variety of housings, 
casings and covers are treated in the automotive, aviation, space and consumer 


6.18 PEO (Magoxide provided by AIMT) and paint-coated magnesium 
body of a high-speed milling cutter (Fette GmbH). 
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industry. Structural, load-bearing parts are found as well, including wheels, 
frames (bicycle, motorcycle) and levers, but also some more unexpected 
examples, e.g. eyewear, cookware, parts for textile machinery (e.g. bobbins) 
and packaging moulds. 

Finally, one should keep in mind, that in spite of being more expensive 
than conversion coatings, the properties of PEO coatings regarding paint 
adhesion and the prevention of undermining of paint films are much superior. 
Thus, wherever magnesium is used in aggressive surroundings and needs to 
survive for a longer period, a PEO coating in combination with a suitable 
paint system can sometimes be the only solution to provide the required 
corrosion resistance. 


6.7 Summary 


Plasma electrolytic oxidation has become one of the most important surface 
engineering technologies for magnesium alloys. The PEO treatment utilizes 
micro-discharges to convert the surface of magnesium alloys into hard ceramic 
layers using mainly alkaline-based chromate-free solutions. This has the 
advantage that not only corrosion resistance but also the wear resistance can 
be improved. Furthermore, the coatings have good adhesion to the substrate, 
thermal stability, thermal shock resistance, heat resistance, high dielectric 
strength and good optical properties, which offer a wide range of property 
improvements for Mg alloys in their applications. The phase composition 
of the coating depends strongly on the electrolyte used and quite a large 
number of different treatment solutions are available for controlling the 
phase composition and thus adjusting particular properties. 

In spite of those advantages, the corrosion resistance of PEO coatings 
alone is not sufficient under harsh conditions, or to prevent galvanic corrosion 
in contact with other metals. This is due to the inherent open porosity of 
the process, which requires sealing if long-term stability under the above 
conditions is required. However, this can be an advantage as well, because 
they offer good adhesion if used as a pre-treatment for paint and powder 
coatings, or for adhesive bonding. Especially, as a pre-treatment, PEO has 
mainly to compete with conversion coatings. Despite their higher cost, the 
better property profile of PEO coatings should be considered wherever a 
simple combination of conversion coating and top coat is not sufficient to 
obtain the required performance. 
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Thermal spraying of light alloys 


C.J. LI, Xi’an Jiaotong University, China 


Abstract: Thermal spray coatings have been widely applied to add 
functions such as wear resistance, corrosion resistance, bioactivity and 
dielectric properties to light metals. The characteristics of the deposition 
process, involving splat cooling and successive stacking of splats, create 
coatings of unique microstructure which are different from conventional 
materials. In this chapter the characteristics of the thermal spray processes, 
and factors influencing spray particle parameters are described. The metal 
alloy particle oxidation, splat formation (including solid—liquid two-phase 
droplet impact involved in cermet coating deposition) and features of the 
pores in the coating are reviewed. Additionally, characterization of the 
coating microstructure, the dominant effect of lamellar structure on coating 
properties, and reactions of spray particles with the light metal substrates are 
examined for control of cohesion, adhesion, and properties of the coatings. 


Key words: thermal spraying, coating microstructure, splat formation, 
lamella bonding, coating adhesion. 


7.1 Introduction 


Thermal spray processes have been widely used in various industrial fields 
to enhance surface properties of various engineering parts. Light metals are 
generally soft, and their wear resistance is very poor. With Mg alloys, their 
high chemical activity makes them subject to corrosion (see Chapter 1). 
Through applying various coating materials to light metal surfaces by 
thermal spray processes, the wear resistance, thermal resistance and corrosion 
resistance of engineering parts made from light metals can be significantly 
improved. 

Thermal spray coatings are formed by successive impact of a stream of spray 
droplets in fully molten or partially melted states, followed by flattening, rapid 
cooling and solidification. Heating and accelerating of the spray materials are 
necessary to create spray droplets. Chemical reactions, such as metal alloy 
oxidation during heating, may occur, which change chemical compositions 
and phases of the spray materials and may add additional functions to the 
coatings. The parameters of the droplets, including temperature, velocity and 
size, which are determined by spraying processes and conditions, influence 
interaction of the spray particles with the spray flame, coating deposition 
processes. 

Splat formation is the fundamental process in thermal spray coating. 
The rapid quenching characteristics during splat formation upon impact 
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of molten spray droplets involved in coating deposition result in a quasi- 
stable fine microstructure in individual splats. The successive deposition of 
spray particles provides the coatings with a unique lamellar microstructure, 
different from that produced by other processes. Pores are always present 
in thermal spray coatings and their geometry presents two-dimensional 
characteristics that are different from the pores in bulk porous materials 
processed by conventional processes such as powder metallurgy. Therefore, 
the relationship between properties and microstructure for materials processed 
by conventional processes are not applicable to thermal spray coatings. 
Moreover, the presence of pores interconnected throughout the coating- 
thickness makes the as-sprayed coating unable to fully protect the substrate 
from corrosion. Therefore, general features of the thermal spray process, 
physical phenomena of the interaction of spray particles with the spraying 
flame and droplet impact, coating microstructure features, microstructure/ 
property relations, and coating/substrate adhesion are introduced in this 
chapter, based on state-of-the-art thermal spray coating developments that 
effectively achieve successful surface modification of light metals. 


7.2 Characteristics of thermal spraying 
7.2.1. The thermal spray concept 


A thermal spray coating is formed by successive impact of molten droplets 
and/or semi-molten droplets at a certain velocity on a substrate, followed by 
lateral flattening, rapid solidification and cooling, as schematically depicted 
in Fig. 7.1. Three basic stages are involved in spray coating formation. 
Firstly, spray particles are created. Then, these spray particles are heated 
by a heat source or a power source, and accelerated by a gas or plasma 
jet, to generate a high-velocity droplet stream through acquiring sufficient 
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7.1 Schematic diagram of the concept of thermal spray coating 
formation. 
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kinetic energy (in the form of velocity) and thermal energy (in the form of 
high temperature) up to or over their melting points. During this stage, the 
chemical reaction between the droplet material and the flame atmosphere may 
lead to compositional change of the particles from their starting composition, 
and introduce new phases. Finally, the high velocity droplets successively 
impact on the well-prepared rough surface of the substrate to adhere to it 
through rapid cooling and solidification to form a coating. Additionally, 
substrate surface preparation and post-processing of the coating are also 
requirements. 

Almost all materials, including metal alloys, ceramics, plastics, and 
composites of those materials can be deposited to form coatings by thermal 
spraying. Spraying materials can be employed in the form of powders, wire 
or rod. Powder materials are directly fed into a high temperature flame 
through a powder feeder to complete the first stage, while with wire or rod 
material, spray droplets are created by atomizing the melting tip as it is fed 
into the flame. 

To completely or partially melt spray materials, various heat sources 
including gas flames, electrical arcs and plasma jets are employed. The 
heating ability of a heat source is limited by its maximum temperature, 
which determines the types of materials that can be applied with a specific 
spray process. Generally, thermal spray processes are classified and termed 
according to the heat source involved, as listed in Table 7.1. Flame spraying, 
plasma spraying and arc spraying are the three major types of spraying process. 
D-gun and HVOF are varieties of flame spraying, using specially designed 
flame guns. Cold spraying is an emerging coating technology in which solid 
particles at a high velocity and a temperature lower than their melting point, 
are used to deposit a coating through plastic deformation on impact; this is 
described in Chapter 8. In Table 7.1, typical maximum temperatures of the 
heat sources involved, and particle velocities obtainable are shown. 


Table 7.1 Temperature of heat sources and particle velocity achievable for typical 
thermal spray methods 


Thermal spray methods Temperature of Particle 
heat source (K) velocity (m/s) 

Powder flame spray ~ 3500 30 ~ 50 
Wire flame spray ~ 3500 100 ~ 200 
Detonation gun (D-gun) 4200 500 ~ 700 
High-Velocity Oxy-Fuel ~ 3500 300 ~ 700 

(HVOF) 
Air Plasma spray 10000 ~ 15000 100 ~ 400 
Arc spray 5000 ~ 6000 100 ~ 200 
Cold spray RT~900 300 ~ 1000 
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7.2.2. Features of thermal spraying 


Thermal spray has the following general features when used for coating 
light metals: 


(i) 


(ii) 


(iii) 


(iv) 
(v) 


(vi) 


(vii) 


Coating materials can be deposited on the surface of light metals and 
alloys to achieve various surface properties and functions, such as wear 
protection, thermal insulation, corrosion resistance, abrasion resistance, 
abrasiveness, electrical insulation, dimension restoration and, medical 
applications. 

The thermal effect on the substrate during coating deposition can be 
minimized through controlling the relative motion of the traversing torch 
over the substrate, and proper cooling. Thermal spraying is relatively 
cool and the temperature of the substrate is usually kept below 150°C. 
The coating can be applied on parts machined to final shape without 
deteriorating the substrate microstructure and properties, or causing 
deformation. 

Coatings can be deposited at a rapid deposition rate and thus a low 
processing cost. They can be applied flexibly on the whole surface or 
on a local area of the part. Coating thicknesses can be changed over a 
wide range, from several tens of micrometers to several milimeters. 
The surface of a thermal spray coating is rough. Post surface finishing 
may be necessary for some parts. 

Spray coatings are not fully dense, with porosities up to 20% depending 
on spray conditions. The pores in the coatings can act as a reservoir 
for lubricating oils to improve tribological performance. On the other 
hand, post-spray sealing may be necessary to achieve full corrosion 
protection. 

The tensile bond strength of thermal spray coatings is relatively low, 
compared with coatings produced by other processes. The tensile 
adhesion for most thermal spray coatings is lower than about 70 MPa, 
although the adhesion of HVOF WC-Co coating may be higher. Thermal 
spray coatings are anisotropic, and their properties in the longitudinal 
direction are very different from those in the direction normal to the 
surface. 

This is a line-of-sight process and the coating can be deposited on the 
surface only where the torch or spray gun can ‘see’. With complex 
shapes or contours, multiaxial manipulators or robots are required 
for uniform coatings. Spray deviation from normal to surface will 
compromise coating properties in terms of porosity, and reduced coating 
cohesion. 


The first three characteristics are advantages of the thermal spray process, 
and the final four items are generally considered as disadvantages. 
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7.2.3. Spray materials far modification of light metal 


Generally, materials stable at elevated temperature are suitable for thermal 
spray processing. Most metals, intermetallics, alloys, all forms of ceramics 
including oxides, borides, silicides etc., cermets and some polymers are 
sprayable by one or more of the thermal spray processes. The broad classes 
of thermal spray materials, classified according to their chemical nature, 
are shown in Table 7.2. Many new materials belonging to one of the above 
definitions are progressively being developed for different applications. 
Some typical materials used recently for modification of Al-based alloy 
parts are listed in Table 7.3. A typical application is coating aluminum 
cylinder bores to reduce the weight of an engine. Another case is ceramic 
coatings to provide dielectric properties for semiconductor manufacture. A 
wide span of spray materials has been investigated for different applications. 
With titanium alloys, in addition to coatings for surface protection, many 
different bioactive materials including hydroxyapatite (HA), Ti, CaO-Si0, 
and bioinert ceramics such as Al,03, ZrO», TiO, have been coated on implants 
(Liu et al., 2004). With Mg alloys, corrosion protection through thermal spray 
coatings is challenging. Because the functions of coatings are essentially 
determined by the coating material, therefore the coating microstructure and 
properties can be considered in a similar way to other substrate materials, 
except for the adhesive strength of the coatings with specific light metals. 


7.2.4 Thermal spray processes 


Conventional flame spraying was first developed in 1910 (Davis, 2004) and 
is still widely used. Oxyacetylene torches are the most common heating 
source, using acetylene as the main fuel in combination with oxygen to 
generate the highest combustion temperature. Powders are introduced axially 
into the nozzle and are heated by the flame. The density of the coatings 


Table 7.2 Typical spray materials classified according to the chemical nature of 
materials 


Material types Typical spray materials 


Metals and alloys aluminum, aluminum-zinc, copper, molybdenum, 
nickel-aluminum, nickel-chromium alloys (Ni-Cr, NiCrAl, 
NiCrAlY), NiCrBSi, carbon steel, stainless steel 


Ceramics Al,03, TiO, Cr2O3, mullite, spinel, ZrO., YSZ (Y,03-ZrO,), 
hydroxyapatite (HA, Caj9(OH)4(PO,),) 

Cermets WC-Co, Cr3Cz-NiCr 

Composites and blends_ A\l/Si/polyester, Ni/graphite, bentonite/NiCrAl 

Intermetallics NiAl, NisAl, NiAlg 

Polymers Polyester, polyamides, polyethylene 
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Table 7.3 Typical materials involved in surface modification of Al alloys by thermal 
spray process 


Coating materials Applications References Remarks 


Carbon steel with Cylinder bore walls Barbezat (2005) APS 
wustite and magnetite, 

Composite of carbon 

tool steel and Mo, 

Corrosion resistant 


steel, 
Metal matrix 
composite 
Cast iron Cylinder bore walls Tsunekawa et al. (2008) APS 
Cast iron Cylinder bore walls Cook et al. (2003) PTWA 
Nano-crystalline Cylinder bore walls Bobzin et al. (2006) PTWA 
composite Schlaefer et al. (2008) 
Low carbon steel 
Al-12%Tin Alloy engine bearing Sturgeon et al. (2003) HVOF 
Cr3C2-NiCr Wear and corrosion Magnani et al. (2008) HVOF 
protection for 
aeronautical parts 
WC-Co, Fe-alloy, Cylinder bore walls Rauch et al. (2009) HVOF 
FeCrMo, Cr3C>-NiCr, 
NiCrBSi 
WC-CoCr Wear and corrosion Bolelli et a/. (2009) HVOF 
protection 
Al,O03 Dielectric coating Gansert (2003) APS 
for semiconductor Kato et al. (2006) 


production equipment Kitamura et al. (2008) 


Note: APS, atmospheric plasma spraying; HVOF, high velocity oxy-fuel; PTWA, 
plasma transferred wire arc spraying. 


achieved by powder flame spraying is low due to the low jet velocity and 
flame temperature. 

With wire or rod flame spray, the melting tip is atomized by a high pressure 
and high velocity gas stream to form droplet jets towards the substrate. One 
significant advantage of wires and rods over powders is that the degree of 
melting is complete, producing a denser coating. In addition, the atomizing 
gas (often compressed air) at high velocity produces fine droplets, resulting 
in finer, smoother coatings. 

Detonation guns (D-guns), introduced in the 1950s (Davis, 2004), generate 
higher thermal energy and kinetic energy jets by confining the combustion 
within a tube or barrel into which powders are introduced. The explosive 
mixture of fuel, oxygen and powders generates particle jets at velocities 
of 600 to over 700 m/s (Kawase et al., 1988) upon ignition by a spark 
plug. Following purging and injection of the mixture and ignition, repeated 
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detonation at a frequency of 3 to 6 Hz leads to the formation of overlaying 
deposits. The high velocity particles produce dense coatings with high 
particle/substrate bonding. The process can be employed to deposit WC-Co 
cermet, Al,03/TiO, oxide, and ceramic/alloy composite coatings. 

High-velocity oxyfuel spray (HVOF) was commercialized in the early 
1980s (Davis, 2004). Compared with intermittent detonation in the D-gun 
process, the combustion of oxygen and fuel confined in a barrel is continuous. 
The confined combustion can create gas jets of velocities in the range 1500 
to over 2000 m/s (Wagner et al., 1984; Li et al., 1999a). Spray particles 
introduced into the HVOF flame in the barrel are effectively accelerated to 
high velocities, from 300 to 600 m/s (Wagner et al., 1984; Kowalsky et al., 
1990; Wang et al., 2005). Comparable dense coatings with excellent substrate/ 
coating adhesion can be created in comparison with the D-gun (Kawase, 
1993). HVOF has become the most popular process to deposit WC-—Co and 
Cr3C,—NiCr coatings. It is also employed to deposit alloys such as MCrAlY 
used in gas turbines (Chen et al., 2008). 

The electrical arc spray process uses a direct-current electric arc, struck 
between two consumable electrode wires, to melt the wires. A high-pressure 
gas jet is used to atomize the melts on the tips of the wires to create droplets 
with high velocity. The high spray-rate of arc spraying for different materials 
makes arc spraying the most cost-effective process. Arc spraying is limited 
to using conductive materials that can be formed into wires. The use of cored 
wires has extended materials to include cermet and other alloy materials (Xu 
et al., 2004). The size and velocity of the droplets depend on the atomizing 
gas velocity. Increasing atomizing gas velocity results in the formation of 
fine droplets with high velocity. Thus, highly dense coatings are produced; 
otherwise, porous coatings are deposited. High-velocity arc spraying is a 
variety of arc spraying developed using a supersonic atomizing gas nozzle 
(Xu et al., 2004; Liao et al., 2005). To coat cylinder bore surfaces made 
of aluminum alloy, a single wire transferred arc spray process has been 
developed (Cook et al., 2003.; Bobzin et al., 2006; Schlaefer et al., 2008) 
and various coating materials, including carbon steel and composites, have 
been investigated. 

Plasma jets having a maximum temperature from 10000 to 15 000°C are 
employed in plasma spraying (Boulos et al., 1993), which is a versatile thermal 
spray process that can deposit any type of coating material. Therefore, thermal 
spray processes have been widely applied to deposit protective coatings for 
anti-wear and anti-corrosion, and functional coatings for surface engineering 
of lightweight metal alloys such as Al, Mg and Ti alloys. Due to the high- 
temperature gradients within the plasma jet generated by common plasma 
spray torches, the melting degree of powders fed radially into the plasma jet 
changes significantly with the particle trajectories across the jets (Fauchais 
et al., 1989); this may result in a non-uniform coating microstructure. As 
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a result, with uncontrolled powder feeding conditions, even at high plasma 
power input the deposition efficiency cannot be increased by further 
increasing the plasma power input but must be improved by an increase of 
mean temperature of the spray particles (Bisson et al., 2005). 

It is ideal to axially feed the spray powders into the plasma jet for 
effective heating and acceleration. Plasma spray torches with axial powder 
feeds have been developed by many researchers over decades. Three-cathode 
designs (Maruo ef al., 1988) and hollow cathode designs (Kobayashi and 
Arata, 1988) were proposed for axial powder feeding. The process has 
been commercialized since the early 1990s. The first commercial axial-feed 
plasma spray gun designs, developed at the University of Vancouver in the 
early 1990s using a multiple radial cathode configuration, was marketed by 
Northwest Mettech Corporation (Hawthorne et al., 1997). Advantages of 
the process are high powder feed rate and high deposition efficiency. It is 
reported that deposition efficiency of ceramics reaches 90%. A torch with a 
triple-electrode and an extended arc, developed by Sulzer-Metco Company, 
has realized comparable deposition efficiency (Barbezat and Landes, 2000). 
A plasma torch with a hollow cathode for the axial powder feed can melt 
spray materials such as Cu, Mo and AI,O3 even at power levels of 2 kW to 
4 kW (Li and Sun, 2004a, 2004b), which is only one-tenth the power input 
of a conventional plasma spray torch. 

Generally, thermal spraying is carried out at atmospheric pressure, while 
plasma spraying can be performed in an inert gas chamber at a reduced 
pressure. Thus, variations of plasma spraying have been developed including 
low pressure plasma spraying (also referred as vacuum plasma spraying) and 
shrouded plasma spraying (SPS) to prevent oxidation of metallic materials 
during spraying. As can be seen in Table 7.4, by using shrouded plasma 
spraying, the oxygen content in metal coatings can be greatly reduced, 
especially for those materials susceptable to oxidation, such as Ti. 

To apply a coating to the inner surface of cylinder bores of Al alloys, a 
rotating type of extension plasma spray torch has been developed by the 
Sulzer-Metco Company (Barbezat, 2005). A wide range coating materials, 
including carbon steel, composites of carbon tool steel and Mo, corrosion 


Table 7.4 The content of oxygen (wt%) in metal coatings sprayed 
using APS and SPS techniques (Tucker, 1974) 


Materials Powder APS coating SPS coating 


Cu 0.126 0.302 0.092 
Ni 0.172 0.456 0.151 
Ww 0.027 0.274 0.030 
Ti 0.655 >2.0 0.730 
Mo 0.419 0.710 0.160 
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resistant steel, and metal matrix composites have been investigated (Barbezat, 
2005). 


7.3 Introduction to physics and chemistry of 
thermal spraying 


Many parameters influence coating microstructure and properties, including 
substrate properties, coating material properties, heat source characteristics, 
and operating conditions of the spray torch. However, when a particular 
spray process for a certain material is selected, the droplet state parameters 
determine their deposition behavior and coating microstructure. The principle 
particle parameters are temperature (melting degree), velocity and size prior to 
impact on the substrate, in addition to the particle’s chemistry. It is generally 
considered that higher particle velocity and temperature lead to the formation 
of a denser coating. Moreover, with YSZ ceramic material, it has been reported 
that the deposition efficiency is directly proportional to the mean surface 
temperature and that high temperature and high melting degree lead to high 
deposition efficiency of spray materials (Bisson et al., 2005). However, with 
WC-Co cermet particles, excessive heating leads to decomposition of the 
wear-resistant carbide phase (Li et al., 1996a). Therefore, it is necessary to 
understand the interaction between spray particles and heat source for the 
optimization of spray conditions in terms of heating and acceleration. 


7.3.1. Particle acceleration 


Basically, although the acceleration of a solid particle injected into a flame 
jet may result from several different forces (Lewis and Gauvin, 1973), the 
drag force (fF) expressed in the following equation determines particle 
acceleration in thermal spray processes: 


1 
Fa = 5 CaAPg(Ve — Vp) lV. —Vpl [7.1] 


Therefore, the local acceleration of solid particles in a spherical shape in 
the moving gas flame can be expressed as follows: 


(Vg — Vp) Vg = Vp [7.2] 


Where, v, and v, are the gas velocity and particle velocity, respectively, d, is 
particle diameter, p, and p,, are the gas density and particle density, respectively, 
A is the cross-sectional area of particle, Cy is the drag coefficient. 

The drag coefficient depends on the Reynolds number as expressed 
typically in the following equations. 
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C,=24/Re Re <0.2 [7.3] 
Ca = Be (1+ eRe] 0.2<Re<2 [7.4] 
G = +0.11 Re°8!) 2<Re<21 [7.5] 
Cy = 4 (1 +0.189 Re) 21 < Re < 200 [7.6] 


The Reynolds number is defined as follows: 


iS Pedp(Vg — Vp) 
Ne 


Re [7.7] 


where 77, is the dynamic viscosity of the gas. 

Therefore, the acceleration of a spray particle depends on the particle 
velocity relative to the gas flame, the size and density of the particle, and 
the gas density and viscosity. The product of d,p, can be considered as the 
inertia of a spray particle. The higher the gas velocity is and the lower the 
inertia of particle is, the higher the acceleration and subsequently the higher 
the particle velocity are. 

Figure 7.2 shows the velocity change of an alumina particle of mean size 
18 um along the centerline of a plasma jet under various plasma generation 
conditions (Fauchais et al., 1989). It can be seen that particle velocity 
increases rapidly at an early stage, due to higher gas velocity relative to the 
particle. At a spray distance of 40 mm to about 70 mm, the particle reaches 
the highest velocity and then starts to decrease, due to the action of the drag 
force in the opposite direction when the particle velocity becomes higher 
than the gas velocity. The different plasma generation conditions lead to 
different jet characteristics and thus different particle velocity histories, as 
illustrated in Fig. 7.2. 

The spray particle stream consists of particles in different sizes. When 
spray particles are radially injected into the flame jet, as in most cases of 
practical plasma spraying, particle velocity is significantly influenced by 
the trajectories of the powders in the flame due to a significant gradient in 
the velocity field of the flame. Moreover, the trajectory of a spray particle 
is influenced by the injection velocity, i.e. the initial velocity at which 
the particle is injected into the flame. The injection velocity of the spray 
particle depends on the carrier gas flow rate, particle size, and particle feed 
rate. The penetration of injected particles into the flame jet is influenced by 
particle inertia. The higher the inertia a spray particle possesses, the easier 
it can penetrate into the flame jet. Due to the wide particle size distribution 
of practical spray powders, some particles travel along the centerline of the 
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7.2 Acceleration characteristics of spray particles along traveling 
direction with an indication of the effects of plasma arc power (Ar-H2 
plasma, alumina particles in a mean particle size of 18 um) (Fauchais 
et al., 1989). 


flame jet, some take an intermediate position, and still others travel along 
the periphery of the jet. Attention should be paid to small particles of low 
inertia, especially less than 5 Um, because it is difficult to feed them into 
the flame jet. Further reading on particle acceleration is available in the 
literature (Boulos et al., 1993; Fauchais et al., 1989). 


7.3.2. Heat transfer between gas flame and spray 
particle 


The major mechamisms of heat transfer from the flame to the particles inside 
a flame are conduction, convection and radiation. The radiation of a flame 
is assumed to be comparable to the reradiation from a particle and therefore 
it is neglected (Boundin et al., 1983). The other two mechanisms mainly 
contribute to the heating of the particles in thermal spraying, and are usually 
related by the Nusselt number (Nu). 


hd 
Nu =>" =2 + 0.6 Pri? Rel” [7.8] 
8 
The Prandtl number (Pr) and Reynolds number are defined as: 


Pr = cong [7.9] 
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= PeVpdp 
Ng 


Re [7.10] 


Spray particle heating can be considered in two distinctive cases: rapid 
heating with negligible temperature gradient inside the particle, and heating 
with a temperature gradient inside the particle. These cases can be divided 
according to Biot number (Dresvin, 1972). 


hd» 


Bi= 7, [7.11] 


For, Bi <0.01, the temperature gradient within the particle during its heating 
can be neglected and the isothermal particle heating model is applicable. 
The heating rate of a spray particle of a high thermal conductivity in a flame 
can be expressed as follows: 


aT, 6h 
dt ~ PyCpdy Ug 4 p) 
or 
aT SNM (T, - Ty) [7.12] 
dt Ppp; . , 


where 7, and T,, are the gas and particle temperature, respectively, h is the 
heat transfer coefficient from flame jet to particle, c, is the specific heat of 
the particle, 2, is the thermal conductivity of the flame gas. 

The influence of the main factors on particle heating can be considered 
with assistance of the equation [7.12]. It is evident that high gas temperature 
and high gas thermal conductivity result in rapid heating of the spray particle. 
Practically, addition of a fraction of H, gas into Ar plasma will increase the 
gas thermal conductivity and subsequently significantly improve heating of 
the spray powders (Bisson et al., 2005). Moreover, the smaller the particle is, 
the faster the heating rate becomes. However, high velocity of small particles 
may lead to a significant reduction of dwelling time of the particles in the 
flame and consequently less heating time. Integration of the formula Pps 
at the temperature range up to the melting point plus latent heat, represents 
the heat content of the spray particle heated to its melted state. A higher heat 
content means more difficulty for a spray particle to be melted, although the 
high thermal conductivity of spray particles benefits a rapid heating. 

When Bi >0.01, the temperature gradient in the spray particle cannot be 
neglected and an estimation of particle heating should be made by numerical 
simulation according to basic equations. Further references can be found in 
Pawlowski (1995) and Suryanarayanan (1993). 
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With spray materials of low thermal conductivity, heat conduction from 
the particle surface towards the inside controls its melting degree. In order 
to fully melt spray particles within a limited in-flight time, the particle size 
should not be too large. Therefore, oxide ceramic materials are usually 
used in a size range of less than about 50 Um (300 mesh) except for those 
with a hollow morphology for thermal barrier coating. Increasing the power 
input to the plasma flame increases its heating ability and increases flame 
velocity as well, which reduces dwelling time. Therefore, particle velocity 
and melting are compromised owing to simultaneous increase of particle 
velocity (reducing heating time) and heating ability when the plasma power 
input is increased. Moreover, the degree of melting is enhanced through 
manufactured to the hollow morphology due to the large surface area. Owing 
to the positive relationship between degree of melting of the particles and 
deposition efficiency, the heating of spray materials should be optimized. For 
further more detailed discussion of particle heating, please refer to Boulos 
et al. (1993) and Fauchais et al. (1989). 


7.3.3 Oxidation and decomposition of spray materials 
Oxidation of metal alloys 


Most thermal spray coatings are deposited at ambient atmosphere. The flame 
traveling in the atmosphere inevitably pulls the oxygen in the air into the spray 
flame. Therefore, oxidation of in-flight alloy particles and also nitridization 
occur, which introduces metal oxides and nitrides into the coating. Barbezat 
(2005) reported that utilizing oxidation during the spraying of carbon steel 
to form in-situ wustite and magnetite phases as lubricants leads to the 
formation of a composite coating of excellent tribological performance for 
Al alloy cylinder bores. Table 7.4 shows the oxygen contents of atmospheric 
plasma-sprayed metal coatings compared with those of the starting powders 
(Tucker, 1974). It was found that the oxygen content of the coatings was 
increased compared with the powders, which results from oxidation of the 
metals during spraying. The level of oxygen in different coatings ranges 
from 0.27wt% to 0.71 wt%, except for the Ti coating which contains greater 
than 2wt% oxygen. 

Generally, the oxidation of spray material occurs at two stages, viz. in-flight 
oxidation and post-flattening oxidation in which the solidified fresh metal 
surface at high temperature is exposed to the high temperature flame jet. 
In-flight oxidation is influenced by the oxygen content in the flame, particle 
temperature, melting degree, particle size and dwelling time of the spray 
droplet in the flame. The oxidation of in-flight particles occurs usually from 
their surface. However, it has been found that convection in a fully molten 
droplet occurs due to a significant difference between particle velocity and 
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flame velocity, which pulls the surface oxide into the inside of the droplets 
(Espie et al., 2001). This leads to more intensive oxidation of alloy powders. 
In spray processes using wires, such as arc spraying and wire flame spraying, 
the atomized alloy droplets in the fully molten state travel within the flame. 
The pulling of surface oxide towards the inside becomes strong. As a result, 
more oxygen in the form of oxide is included in coating. 

Li and Li (2003) investigated the effect of particle size on the oxidation 
of NiCrAlY in-flight powder particles during HVOF by collecting powders 
passing through the flame and comparing the oxygen contents of the collected 
powders with those in the deposited coatings. As shown in Fig. 7.3, the 
oxygen content of the collected powders increased significantly with decrease 
of particle size, following an approximate exponential rule as follows 


W, = [7.13] 


ids 
dp 
where W, is oxygen content in the coating (wt%), a and b are constants, d,, 
is particle size (Um). With HVOF NiCrAlY coating under spray conditions 
reported in the literature, a and b are 144000 and 3.4, respectively. 

From the results shown in Fig. 7.3, it is clear that even with NiCrAlY 
materials, the oxygen content of the coating deposited with particles of 
mean size of about 15 um reached 16wt%. Moreover, at particle sizes of 
less than about 45 um, the oxygen content in the powder is the same as that 


L —o— Powder 
—v¥- Coating 
10E- 
ie 
Sf 
3 L 
= L 
oO 
€ 
OF ie 
pe c 
S c 
a LE 
S L 
x 
fo) L 
0.1b 
[ 
L 1 ! ! L ! 
20 40 60 


Particle size (um) 
7.3 Effect of mean diameter of NiCrAlY spray powders on the oxygen 


content of the collected powders passing through HVOF flame, and 
the deposited coatings (Li and Li, 2003). 
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in the coating. This means that oxidation during in-flight is dominant and 
post-flattening oxidation contributes to the oxygen content less significantly. 
On the other hand, as particle size becomes larger than 45 um, the oxygen 
content in the coating greatly deviated from that in the powder and ranged 
from 0.4wt% to 0.6wt%, which changed less despite particle size, although 
the oxygen content in the collected powders became less by a factor of 
about 10 than the coating in the case of a mean particle size of about 75 
um. This fact means that as particle size becomes larger than 45 um, post- 
flattening oxidation becomes dominant. However, the different oxidation 
mechanisms contribute the oxygen content of coating at different levels. 
The post-flattening oxidation contributes oxygen content at a level of less 
than lwt% and this is not significantly influenced by particle size. This fact 
accounts for the oxygen levels shown in Table 7.4. But the contribution 
of in-flight oxidation to the oxygen content of the coating much depends 
on particle size, as is revealed by the relation with particle size mentioned 
previously. Therefore, it is indicated that the oxygen content in the spray 
coating can be controlled by spray particle size. To minimize the oxygen 
content of thermally sprayed metallic coatings, metal powders larger than 45 
uum are preferable. Therefore, the particle sizes of most commercial metallic 
powders supplied by various powder suppliers are in a range from 45 um to 
105 um. Conversely, in order to increase oxygen content and oxide inclusion 
in the coating to produce metal-oxide composite coatings in-situ, small spray 
particles in the fully molten state are needed. In tests using high velocity arc 
spraying with a converging—diverging gas nozzle to increase the velocity 
of the atomizing gas, spray particles were atomized to small sizes with a 
higher velocity and a coating of a lower porosity was deposited; the oxide 
content reached over 20% (Liao et al., 2005). 

The oxidation not only changes the chemistry of the coating and introduces 
an oxide phase, but it also alters the coating performance. Surface oxides 
generally weaken the cohesion between splats. Although the introduction of 
oxides into alloy coatings affects adversely their corrosion resistance, especially 
high temperature corrosion, a certain amount of oxide phase may benefit 
their wear performance because the hardness of oxides is much higher than 
the corresponding alloy. Barbezat (2005) reported that wustite and magnetite 
phases included in a carbon steel coating resulting from oxidation during 
spraying act as lubricating phases that contribute significantly in improving 
wear performance of Al alloy cylinder bores. 

Cast iron coatings containing the solid lubricant graphite are a promising 
candidate for wear resistant applications on aluminum alloy substrate. The 
graphite content of the cast iron coating may be largely reduced due to its 
oxidation and dissolution into the molten iron. Tsunekawa et al. (2008) 
showed that the graphite content in coatings deposited with annealed cast 
iron spray powders can be increased by increasing particle velocity, which is 
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controlled by adjusting the plasma gas composition and flow rate. Because 
high graphite content tends to decrease the coating/substrate adhesion and 
enhance the lubricating effect, they proposed to deposit cast iron coating 
with various graphite contents in the thickness direction so that the different 
coating microstructure requirements could be fulfilled. 

However, with spraying of WC-—Co, oxidation leads to the decarburization 
of the W,C phase, (which results from thermal decomposition of WC phase), 
to metallic tungsten (Li et al., 1996a). 


Thermal decomposition during spraying of carbide-based cermet 
materials 


WC-Co system and Cr3C,—NiCr system carbide cermets constitute two main 
carbide material classes for thermal spraying to produce hard protective coatings 
on light metals. Two decades ago, those materials were mainly sprayed by 
plasma spraying and much effort have been made to limit decarburization 
through control of particle heating (Li et al., 1996a; Lovelock, 1998). High 
temperature in the plasma jet leads to significant decarburization of WC 
during plasma spraying. The HVOF spray process has proved to be an 
effective process to deposit dense carbide cermet coatings of excellent wear 
performance due to low flame temperature and high particle velocity. Those 
coatings are widely applied to improve wear performance of light metals 
(Magnani et al., 2008; Rauch et al., 2009; Bolelli, 2009). Additionally, 
with the environmental necessity to replace hard chromium plating, HVOF 
deposition of WC-—Co has become a promising alternative. Marple et al. 
(1999) reported that HVOF WC-based coatings, especially WC—CoCr 
coatings, exhibit higher wear resistance by a factor of over 10 and higher 
corrosion resistance than Cr plating. 

One of the essential problems with deposition of carbide materials concerns 
the thermal and chemical stability of carbides during the interaction of spray 
particle with the high temperature flame and subsequent deposition process. 
Thermal decomposition of carbide, dissolution of carbide into molten binder 
and oxidation decarburization, and physical rebounding of large carbide 
particles on high velocity impact are the basic mechanisms involved in 
the thermal spraying of the cermet. Overheating of the powder is usually 
undesirable during thermal spraying using metal cemented carbide powders, 
because the decomposition of WC carbide occurs before deposition. 

Many studies have been done concerning the decarburization of the 
WC-Co system through thermal and chemical processes (Vinayo et al., 1985; 
Subrahmanyam, 1986; Li et al., 1996a). The main factors which influence 
the microstructure of cermet coatings include spray processing methods, 
spray parameters, and the structure of the feedstocks. Among those factors, 
Li et al. (1996a, 2004b) showed that the structure of the starting powder 
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materials has a significant effect on the decarburization of carbides and the 
subsequently performance of the coating. 

Li et al. (1996a) investigated the deposition behavior of WC-—Co using 
four different commercial WC—Co powders manufactured by sinter-crushing 
(Type-1 and Type-2), agglomerate (Type-3) and clad (Type-4) methods. 
Except for Type-1 powder, in which the Co3W3C is present as the binder 
phase instead of cobalt, the other three powders consist only of WC and 
Co phases. Moreover, the WC carbide particle sizes are all different in the 
four powders, as shown in Table 7.5. All four WC-Co coatings deposited 
by HVOF presented dense microstructures, as shown in Fig. 7.4. However, 
the XRD patterns of the four coatings showed significantly different results 
(see Fig. 7.5). With the Type-1 powder, the peak of tungsten appeared as the 
main peak, which indicates the subsequent decarburization during HVOF 
spraying. With the Type-4 coating, a substantial amount of amorphous 
phase was observed which resulted from the rebound of large WC carbide 
particles on impact. Based on those results, Li et al. (1996b) indicated 
that the binder phase which was in molten state prior to impact, deposited 
the WC-Co coating as an amorphous phase consisting of Co-W-C. With 
Type-1 powder, when the coating was deposited by plasma spraying in an Ar 
atmosphere, tungsten was not observed in the coating. This fact means that 
thermal decomposition of WC occurs only to WC without oxygen. Based on 
systematic investigation, Li et al. (1996a) suggested the following two steps 
for the chemical decarburization mechanism, i.e. the thermal decomposition 
mechanism of WC and oxidation decarburization of W>C. 


WC > W.C +C [7.14] 
W.C > W [7.15] 


Therefore, as far as the thermal decomposition is suppressed through spray 
particle heating control, the decarburization to metallic tungsten can be 
suppressed. Even with HVOF, it is necessary to control heat input to the 
spray powder in order to limit powder heating. However, the density of the 
WC-Co coating is positively associated with the degree of melting of the spray 
powder. Therefore, proper heating to melt the binder phase is necessary in 


Table 7.5 Comparison of the mean particle size of WC carbides in the starting 
powders and those in HVOF coatings (Li et al., 2004b) 


Types of powder Mean carbide size Mean carbide size 


in powder (um) in coating (um) 
Type-1 1.48 + 0.45 1.34 + 0.32 
Type-2 2.35 +1 2.09 + 0.53 
Type-3 3.06 + 1 2.84 + 1.00 
Type-4 17.5 + 7.06 5.95 + 2.00 
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7.5 XRD patterns of four HVOF WC-Co coatings corresponding to the 
microstructures shown in Figure 7.4 (After Li et a/., 1996a). 


order to reduce porosity and increase coating density. To effectively prevent 
the thermal decarburization, a WC—Co powder with WC carbide particles 
densely bonded by the metal binder phase rather than Co;W3C complex 
carbides is more suitable. 

With Cr3C,—NiCr, the melting of Cr3C, carbide leads to its decarburization 
to Cr7C3. Therefore, under good heating conditions, Cr7C3 was observed around 
Cr3C, particles (Ji et al., 2006). The resolved carbon results in a saturated 
solution of carbon in a NiCr matrix and subsequently Cr.3C¢, particles are 
precipitated during the cooling and annealing process (Ji et al., 2006). The 
precipitated carbides are dispersed in a NiCr matrix phase and increase the 
matrix phase hardness (Zimmermann and Kreye, 1996). It should be noted 
that during HVOF deposition of cermets using powders having large sizes of 
carbides, Li et al. (2002, 2004b) reported that the rebound of large carbide 
particles on impact will dominate the decarburization. 


7.3.4 Flattening of molten spray particles and individual 
splat microstructure 


When a spray droplet impacts on a substrate surface, ideally it will spread 
laterally to form a thin layer in a disk shape — the so-called splat (See Fig. 7.6). 
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7.6 Cu splat deposited on preheated flat stainless steel substrate 
surface (Li et a/., 2005). 


The morphology of the splat will be influenced by the thermal reaction 
between the molten droplet and the cold substrate, and the geometry of the 
substrate surface, leading to splashing, which will be described later. The 
flattening to disk, cooling and solidification characteristics are dealt with 
in this section. 


Flattening of liquid droplet in thermal spraying and splat size 


Upon impact of the droplet on the substrate, cooling of the melt starts 
simultaneously with lateral spreading. With spray droplets of diameter from 
20 um to 100 um, the spreading completes in less than 1 ts (Moreau et al., 
1992; Vardelle et al., 1995). Complete solidification of splat will take several 
tens to several hundreds of microseconds. Therefore, it is considered that 
under general spray conditions the effect of splat cooling on its spreading 
can be neglected (Jones, 1971). As a result, the spreading process and the 
solidification process can be modeled as two separate processes. 

The flattening ratio, which is defined as the ratio of the diameter of the 
ideal disk splat to the diameter of the spray droplet, is a parameter for 
characterizing splat size. It can be generally related to the Reynolds number 
(Re) of the droplet by the following equation (Li et al., 2005a). 


€ =a(Re)? [7.16] 


where € is the flattening ratio, a and b are constants. 
Madjeski (1976) derived a formula for the flattening degree as a function 
of Reynolds number, Weber number and solidification effect. The following 
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equation was obtained when the effects of both surface tension and solidification 
were neglected (Madejski, 1976). 


€ = 1.249 Re®? [7.17] 


Following a theoretical treatment by Jones (1971), the following relation 
can be obtained for the flattening of molten spray droplet (Ohmori et al., 
1990a). 


€ = 1.06Re®!? [7.18] 


With recent experimental data on Cu droplets and splats, and those for 
AI,O3 and YSZ, using an exponential equation derived following the model 
suggested by Jones (1971) with a power coefficient of 0.125, Li et al. (2005a) 
obtained the following correlation equation: 


& = 1.21 Re®!* [7.19] 


The above equation correlates with the experimental data reasonably well 
over a large range of Reynolds numbers from several hundreds to tens of 
thousands (see Fig. 7.7). The thickness of the splat and thus the splat size can 
be reasonably estimated by droplet parameters through Equation [7.19]. 


Microstructure features of splats in thermal spray coating 


With splat cooling, the cooling rate of a flattened molten droplet is inversely 
proportional to splat thickness, with a power factor from one to two depending 
on the interface thermal contact conditions (Ruhl, 1967). The rapid cooling 
feature determines the microstructure of subsequent splat (Jones, 1973). 
When the cooling occurs at a relative low rate, which is controlled by heat 
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7.7 Effect of droplet Reynolds numbers on the flattening ratio 


of splat. Solid lines are theoretically correlated results using the 
Equation 7.19 with different exponential coefficients (Li et a/., 2005a). 
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transfer at the interface between droplet and the underlying substrate, it is 
termed Newton cooling, i.e. isothermal cooling, and the cooling rate is the 
lowest and can be expressed as follows (Jones 1973): 

dT, _h(T, ~Ty) 


ae eee [7.20] 


where T,, is the temperature of liquid splat, 7, is the temperature of substrate 
surface, h is the heat transfer coefficient at the interface, 6 is the thickness 
of splat. 

The cooling rate is inversely proportional to splat thickness. The estimation 
yields a cooling rate higher than 10° K/s using the heat transfer coefficient 
suggested by Jones (1973). With improvement of the interface heat transfer, 
the cooling rate will be further increased (Ruhl, 1967; Jones, 1973). 

The rapid cooling features lead to the formation of splats with unique fine 
microstructures which are observed under splat quenching. The quasi-stable 
phases with fine microstructure are present in individual splats (McPherson, 
1988). With carbon steel, the quenching effect results in the formation of a 
hard martensite phase. With alumina, droplet melt is solidified in the quasi- 
stable y-phase instead of the a-phase of the starting powders (Vardelle and 
Besson, 1981). Consequently, the fraction of y-phase in alumina splat is also 
used to estimate the degree of melting of the alumina spray droplet. TiO, 
coatings sprayed with TiO, feedstocks of rutile phase consist of a fraction 
of anatase and magneli phases (Ohmori ef al., 1991), which influences the 
electrical conductivity of these coatings. Due to heat transfer perpendicular 
to the splat/substrate interface, the columnar grain structure with a size of 
about or less than 1 um is present in individual splats (see Fig. 7.8, Xing 
et al., 2008a). With many materials, including alloy, cermet and ceramics 
such as self-fluxing alloy (Li et al., 2004a), WC—Co (Li et al., 1996b), HA 
(Liu et al., 2004), rapid cooling leads to the formation of amorphous phases 
in the coating. Annealing of the meta-stable phases in the as-sprayed splat 
can be employed to adjust coating microstructure and properties. Li et al. 
(2004a) showed that, through controlling recrystallization to nanostructured 
phases, the hardness and wear performance of HVOF NiCrBSi coating 
can be improved. The amorphous matrix phase in HVOF WC-Co can be 
recrystallized to different complex carbides (Li et al., 1996b). 

Rapid cooling of splats induces very high quenching stress (Kuroda and 
Clyne, 1991). The quenching stress can be higher than the strength of the 
splat materials. With ductile material, it can be relieved through plastic 
deformation. The accumulation of quenching stress of splats in the coating, 
along with stress resulting from the thermal expansion dismatching between 
coating and substrate, leads to the evolution of residual stress in thermal spray 
coating. However, the stress in brittle ceramic splat can be relieved only 
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7.8 Morphology of cross-section of fractured plasma-sprayed YSZ 
coating exhibiting typical lamellar structure with columnar grains in 
individual lamellae (after Xing et a/., 2008a). 


7.9YSZ splat deposited on flat YSZ substrate. The substrate was 
preheated before splat deposition. The micro-crack networks are 
clearly seen (after Xing et a/., 2008b). 


through cracking. As a result, a network of through-thickness microcracks 
is formed in plasma-sprayed ceramic splats, as illustrated for the YSZ splat 
in Fig. 7.9 (Xing et al., 2008b). The microcrack network makes pores in a 
ceramic coating be interconnected through the whole thickness, leading to 
easy penetration of liquid or gaseous medium though the coating (Ohmori 
et al., 1990b), causing gas leakage or corrosion the substrate. 
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Impact behavior of the solid-liquid two-phase droplets 


With cermet spray materials, consisting of hard ceramic particles and metallic 
binder, effort is generally made to retain the hard phase in the powder to 
deposit so that the compositions and microstructure of the composite deposit 
can be designed through powder design. WC-—Co is a typical material of this 
kind. The WC carbide particles in the powder should be kept in a solid state 
if possible while the binder phase of Co needs to melt (Li et al., 1996a; 
Chivavibul et al., 2007). Li et al. (1995b, 2001, 2004b) put forward the 
concept of the impact of the solid—liquid two-phase particles where WC and 
Co are at solid and liquid state, respectively, prior to impact on the substrate. 
Li et al. (2004b) investigated the impact behavior of such particles. They 
found that, at a high velocity, such as under HVOF conditions, the large 
solid carbide particles tend to be either embossed or pushed out of the splat 
and subsequently rebound off the splat to produce a matrix-based splat 
(see Fig. 7.10). Based on their experimental results, they suggested that the 
splat formation by a solid—liquid two-phase droplet can be divided into the 
following three cases. 


Case I: ds < de 6 = de [7.21] 
Case II: ds > de d= ds [7.22] 
Case III: ds = dt >> de d= de [7.23] 


where ds is the size of solid particle in the two-phase droplet, and de is 


7.10 WC-Co splat deposited on flat stainless steel substrate showing 
large WC particles embossed out of liquid splat and rebounding off. 
(after Li et a/., 2004b). 
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the thickness of splat expected theoretically from droplet parameters by 
equation [7.19]. 

Such a model is expressed schematically in Fig. 7.11. Figures 7.11 (a) and 
(b) illustrate Case I, (c) and (d) illustrate Case II and Case HI, respectively. 
Figure 7.11 (b) is a special case of Case I. In Fig. 7.11 (d), because the 
embossed solid particle rebounds off the splat, the final thickness of splat is 
determined by the liquid binder phase. The carbide particle size (dt), causing 
the transition from Case-II to Case-III, depends on particle velocity. With 
decrease of particle velocity, dt increases. As shown in Fig. 7.12, large WC 
particle clad with Co can be retained in the WC-—Co coating deposited by 
low velocity plasma spraying while the mean size of WC particles in HVOF 
WC-Co coating was reduced to 5.95 um from 17.5 um in the starting powders 
(Li et al., 2004b). Moreover, it was found that WC—Co coatings with small 
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7.11 Schematic diagram of two-phase droplet deposition: behavior 
of solid particles during deposition. As d, is less than 6,, two-phase 
droplet spreads in the same way as the liquid droplet on impact; as 
d, is larger than 6,, the splat thickness will be dominated by solid 
particle size; as d, is remarkably larger than 6,, the rebound off of 
solid particle occurs which depends on spray particle velocity (after 
Li et al., 2004b). 
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7.12 Comparison of microstructure of WC-Co coatings deposited by 
(a) HVOF and (b) plasma spraying, using WC clad by 18wt%Co. The 
average size of WC particles is 18 um. Only a few large WC particles 
were deposited in the HVOF coating (after Li et a/., 2004b). 


carbide particles exhibit better abrasive wear resistance under low-stress 
abrasive conditions (Fig. 7.13) (Rangaswamy and Herman, 1986; Li et al., 
2004b). At higher contact stress condition, spalling of deposited particles 
from the lamella interface may significantly influence wear behavior of 
WC-Co coatings (Stewart et al., 1999). Therefore, reasonably small ceramic 
particles should be used to produce cermet powders for HVOF in order to 
increase the deposition efficiency of the ceramic constituent and improve 
wear performance. 
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7.13 Effect of carbide particle size on the wear weight loss of 
thermally sprayed WC coatings. Solid line is correlated by W/W; = 
a(d/d,)"? (Li et al., 2004b). 


7.4 Microstructure and properties of thermal spray 
coatings 


7.4.1 Porosity in thermal spray coating 
Characterization of porosity 


The pores are inherent to thermal spray coating. The volume fraction of the 
pores, often referred to as the porosity, is widely used as a typical structure 
parameter. Porosity is usually estimated by qualitative examination from a 
cross-sectional microstructure. 

The porosity level in thermal spray coatings ranges from several percent 
up to 20%, depending on spray materials and spray conditions. Without 
any doubt, the porosity in the coating influences coating properties and 
performance in different manners, i.e. both positively and negatively based 
on the coating application. High porosity results in low thermal conductivity 
and consequently benefits the thermal barrier effect of a thermal barrier 
coating. Pores in the coatings can also serve to store lubricant oil to enhance 
tribological performance. On the other hand, the porosity generally reduces 
mechanical properties such as hardness, strength, and toughness compared 
with corresponding bulk materials (Pawlowski, 1995). Most pores are 
interconnected through the non-bonded lamellar interfaces, which permits 
corrosive solutions or gas species to penetrate through to the interface between 
substrate and coating (Arata et al., 1988b). As a result, pores in the coating 
are harmful to corrosion or oxidation protection. Kuroda (1995) reported 
that no closed pores exist in plasma-sprayed ceramic coatings while closed 
pores exist in plasma-sprayed metal alloy coatings. 
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Generally, the porosity of thermal spray deposits is characterized qualitatively 
by microstructural observation, and quantitatively by MIP (mercury intrusion 
porosimetry) and deposit density determination. Direct examination of deposit 
microstructure from a cross-section, using optical microscopy or scanning 
electron microscopy, is usually used for qualitative comparison of porosity. 
With application of the digital imaging analysis technique, the porosity could 
be quantitatively measured from cross-sectional microstructure. However, 
because pull-out of loosely-bonded particles in the ceramic deposit, and 
smear-out of pores in ductile material coatings, may occur during grinding 
and polishing processes, such quantitative characterization may lead to a 
misleading results (Smith et al., 1992). Therefore, to minimize the above 
mentioned effects, infiltration of resin into the voids of the deposits under 
an evacuated condition prior to cutting has been proposed (Karthikeyan et 
al., 1996). Another problem with quantitative estimation of porosity using 
the cross-sectional microstructure is the limitation of such direct observation 
methods to reveal the voids in sub-micrometers (Ohmori and Li, 1991). 

Using the mercury intrusion method (MIP), not only total porosity for open 
voids, but also distribution of void size could be evaluated quantitatively 
(Whittmore, 1981). The MIP measurement indicated that the voids in thermal 
spray deposits appeared as a bi-modal distribution (Vardelle and Besson, 
1981). However, because the intrusion of mercury into voids in the deposits 
is controlled by the small dimensions of the channels interconnecting small 
and large voids, MIP can result in a misleading interpretation of the void 
distributions (McPherson, 1988; Kuroda, 1995). Kuroda (1995) examined the 
effect of sample preparation methods on the results of MIP measurements 
by covering the deposit surface with polyester to limit the deposit surface 
contacting with mercury using a plasma-sprayed Ni—Cr deposit. Compared to 
the ordinarily prepared sample, the plastic covered samples show almost no 
voids larger than 1 um. However, the porosity volume of the voids of small 
size is almost the same despite the sample preparing methods. Therefore, it 
was suggested that the porosity volume of those voids larger than 1 um is an 
artifact resulting from the surface roughness of the deposits. It is evident that 
the porosity fraction corresponding to small voids gives the measurement of 
the deposit porosity volume. This does not mean, however, that there are no 
voids larger than 1 Um in the deposits. Therefore, it was suggested that the 
deposits should be encapsulated or surface-polished to diminish the effect 
of sample preparation on the MIP result (Kuroda, 1995). 


Control of coating porosity 


The various applications of the coatings require different levels of porosity, 
from an optimized minimum level up to 50% in abradable coatings (Matejicek 
et al., 2006). Coating porosity is generally controlled by spray conditions 
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and powder design. Porosity in a thermal spray coating decreases with 
increase of spray particle velocity and improvement of degree of particle 
melting (Turunen et al., 2006). Therefore, the higher the velocity of spray 
particles and the more complete the melting of the spray powder particles, 
the lower the coating porosity becomes. The coatings deposited by high 
velocity processes, such as HVOF or D-gun, are generally dense compared 
with flame spray and plasma spray coatings (Tucker, 1982; Kulkarni et al., 
2004). Porosity of HVOF WC-Co coatings can be reduced to be less than 
1% (Barbezat et al., 1988). Based on easy characterization through image 
analysis of cross-sectional microstructure, the coating porosity is usually 
used as a popular microstructure parameter for spray condition optimization. 
It should be noted that the optimization of spray conditions leads mainly to 
a reduction of large size pores in the coating. 

A coating porosity of up to 30% to 50% can be achieved by powder 
design (Matejicek et al., 2006). By adding polymer or graphite into metallic 
or ceramic spray powders to form a composite powder or powder blend, as 
shown in Table 7.2, a composite coating can be obtained. The polymer or 
graphite included in the coating acts as a pore-former. Through post-spray 
heat treatment, those phases burn off, which increases the porosity of the 
coating. These coatings are typically applied to compressor or gas turbines 
as abradable coatings. 

Plasma-sprayed titanium coatings with a porous structure on titanium 
substrates have been used in tooth root, hip, knee and shoulder implants. 
The porous surface improves fixation via the growth of bone into the coating 
forming a mechanical interlock (Liu et al., 2004). Porous Ti coatings can be 
deposited by vacuum plasma spraying through using large titanium powder 
particles of low velocity, limiting flattening. Recently, Sun et al. (2008) 
deposited a Ti-Mg composite coating through cold spraying, and a porous Ti 
coating with a porosity of 48.6% was obtained through post-spray vacuum 
sintering. Here, Mg acted as a pore former. 

Thermal spray deposition of nanostructured ceramic coatings has been 
widely investigated (Lima and Marple, 2007). The nanostructured feedstock 
powders are usually made through agglomerating nanosized ceramic particles 
and present a porous structure. Through using partially melted powders 
and controlling melting degree, a fraction of feedstock powders in the 
porous nanostructure can be retained into the coating with the same porous 
structure as the feedstock. The deposit presents a bimodal microstructure, 
i.e. a conventional microstructure resulting from rapid solidification of the 
melted powder fraction and a nanostructure retained from the nonmelted 
powder fraction (Lima et al., 2002). Therefore, coating porosity can be 
adjusted through degree of melting of the feedstock during spraying when 
agglomerated porous powders are employed as feedstocks. 
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Post-spray treatment for sealing pores for improvement of corrosion 
resistance of thermal spray coatings 


The pores in the coatings influence their performance. In particular, thermal 
spray coatings with through-thickness interconnected pores are not able to 
inhibit corrosive liquid or gaseous medium from penetration to the interface 
between substrate and coating. As a result, all investigations indicate that the 
corrosion of Mg alloy cannot be effectively prevented through using thermal 
spray coatings in the as-sprayed state, and post-spray treatment is necessary 
to achieve effective protection (Yue et al., 1999; Parco et al., 2006, 2007; 
Pokhmurska et al., 2008; Pardo et al., 2009a, 2009b). Even with WC-—Co 
(Parco et al., 2006) on Mg alloy and WC-CoCr (Bolelli et al., 2009) on 
Al alloy deposited by HVOF, the interconnecting pores from the coating 
surface to the interface between coating and substrate lead to corrosion of 
the substrate under a corrosive environment. Therefore, a post-spray pore 
sealing treatment becomes necessary for corrosion protection. Many different 
treatments, including laser remelting (Yue et al., 1999), electron beam and 
infrared light beam irradiation (Pokhmurska et al., 2008), cold-pressing 
(Pardo et al., 2009a) and resin infiltrating (Parco et al., 2006) are employed 
to densify thermal spray coating. During the remelting of Al-based light 
alloys by high energy density beams such as lasers, the pores easily form 
due to the low density of the melt. With laser remelting of Al-12.5wt.% 
Si eutectic alloy, Yue et al. (1999) reported that high laser power results 
in the formation of cracks and porosity, and high scanning velocity causes 
insufficient melting of the as-sprayed coating. After remelting treatment of 
spray coatings, due to the removal of interconnected pores, the corrosion 
behavior is dependent on the composition of the coatings (Pokhmurska 
et al., 2008). By cold pressing of Al-SiCp composite coatings containing 
different SiCp contents sprayed on magnesium substrates at a pressure of 
32 MPa (Pardo et al. 2009a, 2009b), the corrosion of coated magnesium 
alloy is determined by coating materials and the effect of substrate on the 
corrosion rate is not observed. Li et al. (2003a, 2003b) showed that by using 
epoxy adhesive resin to infiltrate plasma-sprayed ceramic coatings, not 
only are the pores sealed for improvement of corrosion resistance, but the 
coating adhesion and erosion resistance can be significantly improved owing 
to the improved bonding between lamellae and substrate/coating interface 
by the infiltrated adhesives. Therefore, it was evident that the sealing of 
HVOF WC-Co coating by epoxy sealant is effective to prevent corrosion 
of the coated Mg alloy (Parco et al., 2006). Through coating composition 
design, laser remelting treatment of plasma-sprayed Ni-Ti, Ni-Al and Ti- 
Al composites leads to formation of intermetallic coatings on Ti and Mg 
alloy surface for the improvement of wear performance (Wilden and Frank, 
2003). 
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7.4.2 Lamellar structure of thermally sprayed ceramic 
coatings 


Characterization of lamellar structure 


A thermally sprayed deposit is formed by a stream of molten droplets impacting 
on the substrate followed by flattening, rapid cooling and solidification 
processes. Therefore, spray coating presents a lamellar structure, as shown 
by the cross-sectional morphology of a fractured YSZ coating shown in Fig. 
7.9. McPherson and Shafer (1982) experimentally confirmed the existence of 
the non-bonded lamellar interface area in terms of a non-contact area through 
direct TEM observation of a plasma-sprayed Al,O3 deposit. 

The limited interface contact between lamellae was visually revealed by 
electro-plating copper into a plasma-sprayed Al,O 3 deposit, by Arata et al. 
(1988a), and Ohmori and Li (1991). The typical microstructure of copper- 
plated Al,O; deposit is shown in Fig. 7.14, where the white strings in the 
microstructure are the copper, plated into ‘voids’ in the as-sprayed deposit. 
Those copper strings clearly reveal the void structure in the sprayed ceramic 
deposit, and indicate the existence of substantial non-bonded interface areas 
between lamellae. Those non-bonded areas constitute the 2-D ‘voids’ in the 
deposits mentioned earlier. 

More recently, a universal visualization approach to the microstructure, 
by infiltration of oxide in which the metal element is exclusive into coating, 
assisted by a detecting technique for the infiltrated material, has been developed 


Substrate 


10 um 
Lemna 


7.14 Microstructure of Cu-plated plasma-sprayed Al,O3 coating. 
The white strings are copper plated in the coating, showing the 
distribution of the non-bonded interfaces (parallel direction to 
substrate interface) and vertical cracks in lamellae (perpendicular 
direction to lamella) (Ohmori and Li, 1991). 
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by Li and Wang (2004). In order to make a quantitative characterization, 
Li and Ohmori (2002) suggested the use of lamellar structure parameters to 
characterize the microstructure of coatings sprayed with completely molten 
droplets and composed of well flattened splats for an idealized layer structure 
model (Fig. 7.15) based on previous work (Arata et al., 1988a; Ohmori et 
al., 1991). The structural parameters introduced included mean lamellar 
thickness (6), splat diameter (D), mean bonding ratio between lamellae (a), 
average width of the non-bonded lamellar interface gaps (8,), size of the 
bonded region (2a), vertical crack density (9,) and average width of crack 
(B.) (Li and Wang, 2004). 

Accordingly, the structure of plasma-sprayed Al,O; deposits was intensively 
studied using the visualization methods described (Arata et al., 1988a; Ohmori 
et al., 1990; Ohmori and Li, 1991; Li et al., 1995a; Li and Ohmori, 1996; Li 
and Wang, 2004; Wang ef al., 2005) with structural parameters, especially 
mean lamellar thickness, mean lamellar bonding ratio, vertical crack density, 
and gap width between non-bonded interface area. 


Effect of spray condition on the lamellar bonding ratio 


The characterization revealed that the bonding ratio of lamellar interfaces in 
thermally sprayed coating is influenced by spray conditions such as spray 
method, spray distance and plasma arc power. A quantitative measurement 
of the bonding ratio for APS Al,O3 deposits showed that a rapid drop in the 
bonding ratio occurs when the spray distance is increased from 100 mm, to 
150 mm as shown in Fig. 7.16 (Ohmori et al., 1990a), while such a decrease 
occurs for YSZ when the spray distance is increased from 80 mm, to 100 
mm owing to the higher melting point of YSZ (Wang and Li 2005). 

The effect of plasma power during plasma spraying reveals that the bonding 
ratio is rapidly saturated to about 32% with an increase in plasma power 
(Fig. 7.17) (Ohmori et al., 1990a). This result implies that an increase in 
power during plasma spraying does not necessarily contribute to an increase 
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7.15 Schematic of the idealized lamellae structure of thermal spray 
coating, with an indication of lamellar interface bonding state in the 
cross-sectional view. 
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7.16 Effect of spray distance on the mean bonding ratio of plasma- 
sprayed Al,O3 coating (After Ohmori et a/.,1990). 
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7.17 Effect of plasma arc power on the mean bonding ratio of 
plasma-sprayed Al,O3 coating (After Ohmori et al., 1990). 
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in interface bonding. A systematic investigation into the lamellar bonding 
revealed that a bonding ratio up to around 32% can be achieved for plasma- 
sprayed ceramic deposits. Accordingly, two-thirds of the interfaces between 
lamellae in the ceramic deposit are separated by inter-lamellar gaps of sub- 
micrometer dimensions. 

Li and Ohmori (1996) reported that the interface bonding ratio of a D-gun 
Al,O; coating was about 10%. An investigation into the effect of spray 
methods yielded a bonding ratio of 26% for vacuum plasma sprayed Al,O; 
(Li et al., 1995a). Although the Al,O; particle velocity in D-gun spraying 
reaches about 700 m/s (Kawase et al., 1988) which is much higher than about 
250 m/s in plasma spraying (Fauchais et al., 1989), the bonding ratio of the 
D-gun coating is less than one-third plasma-sprayed Al,O; coatings. 

Based on the effect of spray conditions on the reported particle temperature 
and velocity (Vardelle et al., 1980, 1983), Ohmori and co-workers (Ohmori 
et al., 1990; Ohmori and Li, 1991) suggested that the bonding is mainly 
influenced by particle temperature rather than particle velocity. Because any 
attempt to increase the particle temperature leads to an increase of particle 
velocity and a reduction of dwell time of the particle in the spray flame, it 
is difficult to improve the bonding ratio through control of spray conditions. 
Recently, an approach through increasing the surface temperature on which 
spray droplets impact has been proposed to increase the bonding ratio by 
Xing et al. (2008a), and it was found that the lamellar interface bonding ratio 
can be increased to over 80% (Xing et al., 2008a, 2008c). Through such an 
approach, the adjustable extent of the coating microstructure and properties 
can be significantly extended to fulfill the different requirements of diverse 
applications (Xing et al., 2008c). 


Effect of lamellar structure on the properties of ceramic coatings 


Particular coating properties, such as Young’s modulus, fracture toughness, 
hardness, thermal conductivity and so on, are essential for coating design and 
applications. Generally, the coating properties associated with unit area are 
lower than those of the identical bulk material. The porous features of thermal 
spray coating are usually correlated to the coating properties (Steffens and 
Fischer, 1989) because the various empirical relationships between porosity 
and properties for the porous materials processed by powder metallurgy 
processes have been well documented (Rice, 1977). However, owing to 
the two-dimensional feature of pores in the coating, which are remarkably 
different from the three-dimensional feature of pores in conventional porous 
materials, the above mentioned relationships between porosity and properties 
are not applicable to thermal spray coatings. Li and associates (Li et al., 
1992, 1997, 2002, 2004c, 2006; Ohmori and Li, 1993) have made efforts to 
establish the theoretical relationships between typical coating properties and 
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structure parameters. The results show that coating properties are dominated 
by the lamellar structure and lamellar bonding. 

The critical kinetic strain energy release rate G;, is employed to characterize 
the fracture toughness of a deposit. G;, of 12-30 J/m? was observed for an 
Al,O3 deposit using the DCB (Double Cantilever Beam) method (Berndt and 
McPherson, 1980; Li et al., 2004c). A G), of around 90 J/m? was estimated 
for bulk Al,O3 with a fine grain structure of about 2 um (Li et al., 2004c). 
The ratio of alumina coating fracture toughness to bulk fracture toughness 
is 0.13 to 0.33. These values are consistent with the bonding ratio of 16% to 
32% (Ohmori et al., 1990a). Moreover, the measurement (Li et al., 2004c) 
confirmed that the change of coating fracture toughness with spray distance 
follows the same dependence as that observed for the interface bonding as 
shown in Fig. 7.16. Those facts evidently indicate that the fracture toughness 
of a ceramic deposit is mainly governed by the interface bonding between 
flattened particles. The low fracture toughness resulting from limited bonding 
is associated with the failure of the thermal barrier coating through spalling 
along lamellar interfaces (Li et al., 2009). 

A study into erosion mechanisms revealed that the erosion of a brittle 
coating occurs through the de-bonding of ceramic particles exposed at the 
surface by the normal impact of abrasives. Therefore, the erosion of the 
deposit is inversely proportional to lamella interface bonding and is directly 
proportional to the lamellar thickness. This relationship has been confirmed 
experimentally (Li et al., 2006). Therefore, the lamellar bonding and splat 
thickness will be significantly important in determining the erosion of the 
deposit. 

Thermal conductivity is important for thermally conductive or thermal 
barrier coatings. At a perpendicular direction to the lamellae, thermal 
conduction is restricted to the bonded interface area. Moreover, additional 
contact resistance due to the limited conduction area (Bowden and Tabor, 
1964) further reduces the conduction effect. Therefore, the thermal conductivity 
of the spray coating relative to the bulk material is generally less than the 
interface bonding ratio (McPherson, 1984; Ohmori and Li, 1993). Recent 
investigation into an electrically conductive Lag gSry ,»M@nO3; coating and an 
ionic conductive YSZ coating indicated that the electrical conductivity of 
thermal spray coatings depends on interface lamellar bonding (Li ef al., 
2005b,c; Xing et al., 2008c). 

Kuroda and Clyne (1991) measured the Young’s modulus of various 
coatings in comparison with that of their corresponding bulk materials. 
They reported that the Young’s modulus relative to bulk material is about 
one-third for metallic coatings and one-sixth for alumina. Li et al. (1997) 
established the relationship between Young’s modulus perpendicular to the 
deposit plane and structural parameters based in the plate theory. The low 
relative Young’s modulus of the deposits compared with bulk material is 
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qualitatively well explained. The anisotropy of Young’s modulus of the 
thermal spray deposits is obvious with regard to the layered microstructure 
(McPherson and Cheang, 1991; Nakahira et al., 1992). Young’s modulus at 
a direction perpendicular to the lamellae, as mentioned above, is less than 
that along the lamellae direction. 


7.5 Bonding between coating and substrate 


Sufficient adhesion between the substrate and the coating is key issue for a 
coating to perform. The factors influencing the adhesion include substrate 
preparation, coating processes and deposition conditions, temperature 
control, and coating design. The basic mechanisms of the adhesion include 
chemical bonding, physical bonding and mechanical interlocking (Pawlowski, 
1995). With a substrate material of low melting points, such as Al alloy 
on magnesium alloy, the metallurgical bonding at the interface may form 
through the formation of intermetallics when the spray droplet materials 
are of a higher melting point. Mechanical interlocking is still the main 
mechanism for adhesion formation. Close contact between atoms of the 
coating lamella and of the substrate, achieved by the high velocity impact 
of the spray particles results in the effect of Van der Waals forces (Steffens 
and Miiller, 1972) and thus adhesion can be enhanced through increasing 
particle kinetic energy on impact. 


7.5.1. Effect of surface adsorbates on the splat formation 
and preheating on adhesion strength 


The first layer of splats on the substrate determines the adhesion mechanisms 
of the coating. Thermal interaction between spray droplets and the substrate 
influences the establishment of adhesion. Heat transfer from the droplet melt 
to the substrate raises the substrate surface temperature. Rapid heating of the 
substrate surface may lead to explosive evaporation of surface adsorbates 
(possibly moisture, or oil), which causes splashing, or local melting of the 
substrate surface, depending on the heat content of the droplets. 

When the substrate is covered by evaporative organics or moisture, heating 
of the substrate surface by the droplets will lead to rapid evaporation, which 
causes splashing of the droplets during spreading. Figures 7.18, 7.19 and 
7.20 show the different irregular splats with significant splashing during 
splatting caused by surface adsorbates and near regular disk splats without 
severe splashing formed on a clean surface (Li and Li, 2004). As can be 
seen, when arms or sputters resulting from splashing are weakly adhered on 
the substrate surface, they hinder direct contact of a following splat with the 
substrate and result in weak adhesion (Fukumoto et al., 1994). Therefore, 
it is necessary to remove surface absorbates prior to coating deposition to 
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7.18 Typical morphology of Al splats obtained on a glycol adsorbed 
substrate surface at different preheating temperatures: (a) 150°C; 
(b) 250°C (After Li and Li, 2004). 


bring about direct contact of metal splats with the substrate for enhancement 
of interfacial bonding. 

Generally, organic contaminants can be removed chemically (Davis, 2004). 
Proper preheating of the substrate surface can remove moisture adsorbates 
(Li and Li, 2004) and increase the adhesive strength of a coating. Parco et 
al. (2007) reported that plasma spraying of NiAI5 results in the local melting 
of an Mg alloy surface, which leads to formation of metallurgical bonding. 
Preheating of the Mg substrate promotes the substrate melting and thus increases 
the adhesive strength of NiAI5. Even with spraying Al, melting of the Mg 
alloy substrate is observed, and can be enhanced by substrate preheating. 
However, with light metals such as Al, Mg and Ti alloys, preheating to a 
high temperature results in rapid formation of oxide scales on the substrate 
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(b) 


7.19 Typical morphology of Ni splats obtained on a glycerol 
adsorbed substrate surface at different preheating temperatures: 
(a) 250°C; (b) 350°C. (After Li and Li, 2004). 


surface, which inhibit direct contact of the metal splats with the substrate 
and reduce adhesion. Therefore, caution should be paid to preheating these 
substrates when metal alloy coatings are sprayed onto them. However, with 
oxide ceramic coatings, preheating will benefit the increase of an adhesion. As 
reported by Fukanuma and Ohno (2003), the adhesive strength of an Al,O3 
coating of about 500 Um plasma-sprayed on an Al substrate is increased 
with increase of substrate preheating temperature to about 200°C (see Fig. 
7.21). 
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(b) 


7.20 Typical morphology of Al,03 splats obtained on a glycol 
adsorbed substrate surface at different preheating temperatures: 
(a) 150°C and (b) 250°C (After Li and Li, 2004). 


7.5.2 Metallurgical interaction between spray particles 
and substrate 


When droplet impact causes local melting of the substrate, a rapid reaction 
between droplet melt and substrate melt occurs to form a metallurgical bond. 
A contact temperature higher than the melting point of the substrate possibly 
leads to the metallurgical reaction between splat and substrate. Kitahara and 
Hasui (1974) observed experimentally the diffusion layer at the interfaces 
between molybdenum and tungsten coatings and aluminum substrate. This 
layer is due to the high melting points of Mo and W, which result in a local 
contact temperature higher than the melting point of the aluminum substrate. 
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7.21 Effect of substrate preheating temperature on the adhesive 
strength of Al,O3 coating plasma-sprayed on aluminum substrate. 
Marks indicate the passes of sand-blasting to adjust the surface 
roughness and higher numbers correspond to a higher surface 
roughness shown in Fig. 7.25 (After Fukanuma et al/., 2003). 


Metallurgical bonding can be formed through the formation of intermetallic 
phases at the interface between sprayed metal coatings and aluminum substrate 
as reported by Kitahara and Hasui (1974). Intermetallic phases (Fe.Mo, 
Fe,W and Fe7;W.) were also observed by these authors when Mo and W 
were sprayed onto a steel substrate (Houben and Liempd, 1983). Parco et al. 
(2007) reported that plasma spraying of NiAI5 results in the local melting of 
the Mg alloy substrate surface, which leads to metallurgical bonding. When 
Ni-Al composite powders are sprayed onto metals, including light metals 
and steel substrates, the exothermic reaction between the two elements in 
flight, through forming intermetallic phases, raises the particle temperature 
significantly, which possibly leads to formation of metallurgical bonding at 
local interface areas (Longo, 1966; Ingham, 1975). Oxidation of Al and Ni 
in flight can also contribute the increase of particle temperature (Sampath 
et al., 1987). Thus, Ni-Al composite powders have been used as bond coat 
materials to enhance the adhesive strength of coatings such as ceramic 
coatings having poor adhesion when they are directly deposited. 


7.5.3 Effect of substrate surface roughening on the 
adhesion of coating 


Proper substrate surface preparation prior to coating deposition is absolutely 
essential. Generally, the surface preparation includes cleaning, roughening 
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(sand blasting), machining, masking and preheating. Roughening is the most 
important step in preparing the surface to accept the sprayed coating. Fig. 7.22 
shows the effect of surface roughness on the adhesive strength of a HVOF 
NiCrBSi coating deposited on stainless steel when the spray particles are in 
a fully melted state (Wang and Li, 2005). No effective adhesion is achieved 
when the surface roughness is less than 2 um. With increase of substrate 
surface roughness, the adhesive strength is increased. An adhesive strength 
higher than 40 MPa was obtained when surface roughness became larger 
than 5 um. Figure 7.23 shows the effect of surface roughness on the adhesive 
strength of a plasma-sprayed Al,O 3 coating on an Al substrate. Rg, is the 
roughness index introduced by Fukanuma and Ohno (2003). Evidently, except 
for a coating deposited at a high (300°C) substrate preheating temperature, 
the adhesive strength is increased with increase of surface roughness. With 
an Al cylinder bore surface, Schlaefer et al. (2008) reported a mechanical 
roughening process to ensure the adhesive strength of an arc sprayed coating 
(see Fig. 7.24). Proper mechanical roughening will enhance the interface 
interlocking for effective adhesion. 


7.5.4 Effect of spray materials and melting state on 
adhesion of thermal spray coatings 


When molten droplet impact does not induce local substrate melting and 
subsequent formation of metallurgical bonding with the substrate, the adhesion 
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7.22 Effect of surface roughness on the adhesive strength of HVOF 
NiCrBSi alloy coatings on mild steel (After Wang and Li, 2005). 
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7.23 Effect of Al substrate surface roughness on the adhesive 
strength of plasma-sprayed Al,O3 coating (after Fukanuma et al., 
2003). 


7.24 Microstructure of PTAW coating showing the well interlocked 
interface through mechanical cutting surface preparation (after 
Schlaefer et a/., 2008). 


depends mainly on the mechanical locking effect of the roughened surface, 
as mentioned in the previous section. The effect of the spray materials on 
the adhesion is limited. However, when solid—liquid two-phase droplets 
impact on a substrate, as in HVOF process, the effect of the spray materials 
becomes significant. WC-Co coatings with excellent adhesive strength (over 
70 MPa, corresponding to the strength of the adhesives in common use for 
tensile testing) can be easily deposited by the HVOF process. However, 
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an HVOF nickel-based coating deposited with well-melted particles has 
exhibited a limited adhesive strength (Li and Wang, 2002). Bolelli et al. 
(2009) showed that HVOF WC-CoCr particles at impact penetrated deeply 
into an Al alloy substrate which led to formation of a strong locking effect 
even when melting of the particles is limited. Trompetter et al. (2005) 
showed that even NiCr particles generated by a high-velocity air flame 
(HVAF) can substantially embed into an Al substrate, as observed in cold 
spraying. Li and associates (Li et al., 2001; Li and Wang, 2002) suggested 
that a two-phase state contributes significantly to the good adhesion of HVOF 
WC cermet coatings and the two-phase state during HVOF spraying is a 
necessary condition for depositing coatings with high adhesion. Moreover, 
systematic experimental investigation showed that the adhesive strength 
of HVOF coatings deposited by solid—liquid state particles depends on the 
properties of the solid phase. Wang et al. (2006) introduced an ‘effective 
mass fraction’ of solid phase which is defined as the product of the density of 
the solid phase with the square of its volume fraction. Figure 7.25 shows the 
relationship between the coating adhesive strength and the effective mass of 
the solid phase for a mild steel substrate. With increase of the effective mass 
of the solid phase, adhesive strength is positively increased. Therefore, with 
high velocity spraying such as HVOF or HVAF, the high kinetic energy of 
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7.25 Effect of effective mass fraction of solid particles in the solid- 
liquid two-phase droplets on the adhesive strength of HVOF different 
coatings (after Wang et al/., 2006). 
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the solid particles in the two-phase droplets benefits intimate contact of the 
splat through high impact pressure (Wang et al., 2006) and the penetrating 
effect into the soft metal alloy (Trompetter et al., 2005; Bolelli, 2009) which 
leads to strong adhesion. 


7.6 Case studies 
7.6.1. Thermal spraying of Al cylinder bores 


In the automotive industry, Al-based engine blocks are being developed to 
substitute the conventional iron-based materials for weight reduction, leading 
to a reduction of CO, emissions. However, wear resistance of Al alloy is lower 
than that of iron-based materials. Thermal spray processes have been widely 
employed for the development of wear-resistant coatings on the surface of 
Al cylinder bores. As summarized in Section 7.2.3 (see Table 7.3), various 
materials of coatings including cast iron, low carbon steel, nano-crystalline 
composites, cermet, and NiCrBSi, are under development through different 
spray processes such as atmospheric and plasma spraying, high velocity oxy- 
fuel, plasma transferred wire arc spraying. Iron-based coatings deposited by 
Rota-type plasma spraying and plasma transferred arc spraying have been 
field tested. Typical coating characteristics of concern are adhesive strength, 
hardness, porosity, compositions and phases. Sufficient adhesive strength is 
required to ensure the reliability of thermally-sprayed cylinder bores. Babezat 
and Harrison (2008) reported that, according to experience over ten years, 
the minimum required adhesive strength is 30 MPa for iron-based coatings 
on Al alloys. This adhesive strength is generally ensured through proper 
substrate surface roughening by grit-blasting. The adhesive strength of low- 
alloy carbon steel coatings deposited by plasma spraying reached 40-60 
MPa on AISi cast alloy (Barbezat, 2002). Schlaefer et al. (2008) reported 
a mechanical roughening process that obtained an adhesive strength of 60 
MPa for a plasma transferred arc sprayed coating. 

The hardness of the coating depends on materials. The hardness of a low 
alloyed carbon steel coating deposited by plasma spraying was 350-550 HV 
(Barbezat, 2002). The hardness of some high carbon steel coatings deposited 
by plasma transferred wire arc reached values of 650 to 750 HV (Bobzin 
et al., 2007). It was found that the harder coatings were associated with 
better wear resistance (Bobzin et al., 2007). However, high hardness may 
be limited by coating surface finishing (Barbezat and Harrison, 2008). A 
smooth honing with an Ra value between 0.1 and 0.3 um is recommended, 
which is achieved by honing using diamond tools (Babezat and Harrison, 
2008). Such finishing will reduce friction by 30% in comparison with cast 
iron. However, if the Ra value after machining becomes larger than 0.6 Um 
no improvement can be expected. 
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The coating porosity is also important for the cylinder bore operation. A 
residual porosity of the coating of about 2% gives, after honing, a suitable 
topography to keep residual lubricant oil in the microcavities. High porosity 
may lead to increase of wear. Therefore, spray conditions should be optimized 
to obtain suitable coating porosity. It was pointed out by Barbezat (2002) that 
honing with a cross line design must be avoided on sprayed coating because 
of its effect on oil consumption. With plasma spraying, it was confirmed 
by Barbezat (2002) that the coating hardness and porosity values were still 
within specification even when the main spray parameters varied by plus 
or minus 5%. Such characteristics indicate the robustness of the plasma 
spraying process for Al alloy cylinder bores. 

During deposition of carbon steel coatings, oxidation, leading to the 
formation of iron oxides FeO and Fe3Ox, benefits the wear resistance because 
these types of oxides act as solid lubricants. However, the formation of 
Fe,03 should be avoided because of the abrasive effect of this type of oxide. 
Therefore, the design and selection of iron-based spraying materials should 
benefit the formation of desirable oxides. 

Bobzin et al. (2007) also reported the repair of worn cylinder bores 
for remanufacturing. Deposition of high carbon steel coatings by plasma 
transferred wire arc spraying demonstrated the potential of the process for 
manufacturing or remanufacturing Al based cylinder bores. 

Developments to date have demonstrated the feasibility of the thermal 
spray processes for surface coating of Al cylinder bores. However, economic 
issues usually arise with Al cylinder bores for automobiles. The application 
of spraying using a Rota-type plasma spraying system demonstrated the 
competitive cost versus galvanic processes, cast iron sleeves and composite 
solutions (Barbezat, 2007). The low-cost feature of wire arc spraying may 
easily fulfill the cost-effective requirements for iron-based coating deposition 
by plasma transferred wire arc spraying (Bobzin et al., 2007). Therefore, 
thermal spraying is promising to promote the application for Al alloy cylinder 
bores and also remanufacture of cylinder bores. 


7.6.2. Thermal spray of Ti body implants 


Titanium and its alloys have been widely employed as biomaterial stems for 
hard tissue replacements and for cardiac cardiovascular applications, due to 
their low modulus, superior biocompatibility and good corrosion resistance (Liu 
et al., 2004). Although titanium and its alloys exhibit good biocompatibility 
when they are implanted into the human body, they are generally separated 
by a thin non-mineral layer from bones (Thomsen et al., 1998). The bond 
associated with osteointegration is attributed to mechanical interlocking of 
the titanium surface asperities and pores in the bones. Therefore, surface 
modification with various coatings is applied to make titanium biologically 
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bond to bones. Among the possible surface modification processes, thermal 
spraying, especially plasma spraying, has been widely employed to deposit 
biomaterial coatings onto titanium surfaces (Liu et al., 2004; Heimann, 
2006). 

Among the various biomaterials, plasma spraying of hydroxyapatite (HA) 
has been intensively investigated and adopted by commercial producers of 
orthopedic implants (Liu et al., 2004). This is because about 70% of the 
mineral fraction of bones has a HA-like structure and earlier fixation and 
stability, with more bone ingrowth or ongrowth, can be achieved through HA 
coatings. The most important issue involved in plasma-sprayed HA coatings 
is their low adhesive strength on the titanium substrate. Liu et al. (2004) 
have summarized the bond strength of plasma-sprayed HA coatings reported 
by different investigators (Table 7.6). Most plasma-sprayed HA coatings 
exhibit an adhesive strength less than 10 MPa owing to the low mechanical 
properties of HA itself. The poor adhesion may cause clinical application 
failure by chipping, spalling and delamination. To improve adhesion, the 
degree of melting of the HA particles injected into the plasma jet should be 
improved by an increase of the plasma enthalpy (McPherson et al., 1995). 
However, high enthalpies lead to increasing thermal decomposition and thus 
to a decrease in the resorption resistance (Heimann, 2006). However, the 
addition of some other materials to HA to deposit a composite coating is 
likely to improve the adhesion of the coating (Chang et al., 1997, Silva et 
al., 1998). 

Another important issue is the resorption of HA coatings in a biological 
environment. It is influenced by phase compositions and crystallinity of 
the coating. HA powders injected into the hot plasma jet suffer thermal 
decomposition in-flight. Depending on the degree of melting, plasma- 
sprayed HA coating may consist of HAp and metastable phases such as 
oxyhydroxyapatite (OHAp), oxyapatite (OAp), tricalcium phosphate (@-TCP), 
tetracalcium phosphate (TTCP), CaO, and amorphous calcium phosphate. HA 
phase is retained from the unmelted fraction of the particles. The amorphous 


Table 7.6 Adhesive strength of plasma-sprayed HA coatings (tested following 
ASTM C633) (Liu et al., 2004) 


Authors Compositions Thickness Adhesive 

(um) strength (MPa) 
Khor et al. (1997) HA-Ti alloys composite 200 8.0 
Chang et al. (1997) | ZrO ,-HA composite 210 32.49 + 4.24 
Khor et al. (1998) HA 60-80 16.6 
Silva et al. (1998) HA-P2,0;-CaO composite 100 35 
Wang et al. (1998) Calcium phosphate 220 6.67 
Tsui et al. (1998) HA 200 5.97 + 0.78 
Zheng et al. (2000) HA-Ti composite 200 <20 
Kweh et al. (2002) HA 150 24.5 + 2.4 
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TCP is formed through the quenching effect of the molten fraction of the HA 
particles on high velocity impact onto the substrate. The improved melting 
degree of HAp particles results in an increase in amorphous TCP (Heimann, 
2006). It is reported that the amorphous and metastable phases are more 
soluble than the crystalline HA (Fazan and Marquis, 2000). Therefore, it 
is essential to control the phases and crystallinity of plasma-sprayed HA 
coatings. Increasing particle velocity (reducing dwelling time of particles in 
the hot plasma jet) with subsequent limited heating of HAp powder particles 
by high velocity plasma spraying, such as vacuum plasma spraying, leads 
to deposition of a well-crystallized hydroxyapatite layer with a minimum 
TCP content through partially melted particles (Liu et al., 2004). However, 
a high content of crystallized HA will compromise coating adhesion. 

One more property in need of control is the coating thickness, because 
the thickness of HA coatings influences their resoption and mechanical 
properties. A thin HAp coating (less than 50 um) yields better adhesion 
compared with thicker coatings, owing to reduced residual coating stress 
(Heimann et al., 2000). Plasma-sprayed HA coatings in a thickness of 50 
to 75 um are adopted by most commercial producers of orthopedic implants 
(Liu et al., 2004). However, the thin HA coating will be rapidly resorbed 
in the course of bone integration. A thick coating (up to several hundred 
micrometers) may be required in some instances to ensure a more permanent 
bond to guarantee implant stability and avoid a replacement operation to 
exchange the implant. 

To improve the mechanical properties of HA coatings and ensure long- 
term integrity of the interface between the HA coating and the titanium 
substrate, HA-based composites reinforced with bioinert ceramics, such as 
ZrO, (Gu et al., 2004), have also been investigated. Also, bioactive glass 
coatings containing of CaO-SiO, have been investigated by thermal spraying. 
For more detailed information, refer to the review literature by Liu et al. 
(2004) and Heimann (2006). 


7.7 Future trends 


Over about 100 years, various thermal spray processes have been developed 
to enable the deposition of all kinds of material coatings, including metal 
alloys, oxide ceramics, cermets and composites and polymers. Various coating 
materials have been investigated to provide the surface of light metals and 
their alloys with different functions including wear protection, corrosion 
protection, thermal barrier, bioactivity and dielectrical properties. 
Understanding the features of the different processes benefits the selection 
of most suitable thermal spray process for a particular material and application. 
Arc spraying is a cost-effective process in which only alloy wires or cored 
wires are applicable. Through controlling the velocity of the atomizing gas, 
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particle size and velocity can be adjusted to deposit coatings of different 
microstructures with control of oxide inclusions. HVOF has been widely 
employed to deposit WC-Co or Cr3C,-NiCr cermet coatings with excellent 
abrasive wear performance. Suppression of decarburization of carbides 
during spraying is essential for optimization of coating performance, which 
may be compromised along with coating deposition efficiency and density. 
The use of proper cermet powders with reasonably small carbide particles 
densely bonded by the metallic binder phase benefits process optimization 
and wear performance. 

Plasma spraying is a process by which all the materials of the coating can 
be deposited. An increase of the degree of melting of spray powder particles 
is directly associated with an improvement of deposition efficiency and 
coating cohesion. The large temperature gradient in the plasma jet and the 
wide size distribution of practical spray powder particles easily bring about 
different particle trajectories in the plasma jet, which results in different 
heating degrees of the powder particles using a common plasma spray torch 
into which powders are fed radially. The development of a plasma spray torch 
with axial powder feeding enables more effective heating and acceleration 
for all the powder particles and thus a consistent coating is easily deposited. 
Control of particle heating and acceleration is essential to control the thermal 
decomposition of spray materials such WC-Co and HA. 

Oxidation of alloy powder particles occurs in two stages, viz, in-flight and 
post-flattening. The in-flight oxidation much depends on particle size. It was 
found that oxygen content is inversely increased with droplet size following 
an exponential relationship and reaches more than 10wt% for powders with a 
particle size less than 15 um. When particle size is larger than 45 um, post- 
flattening oxidation dominates the oxygen content of coatings, which is not 
then significantly influenced by particle size. The inclusion of oxides through 
in-situ oxidation of carbon steel benefits wear or tribological performance of 
steel coatings for Al engine cylinder bores. The oxide inclusion is controlled 
through the size of spray particles. 

The splat size is determined by droplet particle parameters. With 
solid—liquid two-phase droplets, as is the case with WC-Co, high velocity 
impact tends to induce rebound of large size solid particles. Rebound also 
leads to decarburization of carbides during HVOF spraying of WC-Co and 
Cr3C,-NiCr. Moreover, under high velocity impact in HVOF, solid—liquid 
two-phase particles are the necessary condition to achieve excellent adhesion. 
Solid particles in two-phase droplets can be embedded into soft, light-metal 
substrates to create strong physical bonding by an interlocking effect. A 
fraction of the metallurgical bonding between spray materials and Al or Mg 
alloy substrate is easily formed by local melting of the substrate surface. 
The rapid cooling feature involved in splat cooling results in the formation 
of metastable phases, even formation of amorphous phases. 
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Pores are present in thermal spray coating in a two-dimensional geometry 
which is different from those in bulk materials processed by conventional 
methods such as powder metallurgy. Therefore, one needs to be careful to 
correlate coating properties and performance with porosity. The pores in 
the as-sprayed coating are interconnected through a large fraction of the 
non-bonded lamellar interface areas between adjacent lamellae. Gaseous or 
liquid medium can penetrate through the coating to the interface between 
coating and substrate, causing galvanic corrosion. A post-spray treatment is 
necessary for complete protection of substrate materials such as Mg alloys 
from corrosion. On the other hand, suitable porosity in the coatings applied 
to Al cylinder bores enables the retention of lubricant oil for improving 
tribological wear performance. 

It has been shown that coating properties are dominated by lamellar 
structure with limited interface bonding. The maximum interface bonding 
ratio is about 32% for a coating deposited under common spray procedures. 
This limited lamellar interface bonding ratio limits the mechanical properties 
index, thermal conductivity and electrical conductivity of thermal spray 
coatings. The applications of such coatings should therefore take the lamellar 
structure feature into consideration. 

The features inherent in thermal spray processes and coating microstructures 
mentioned in the chapter can be considered as both advantages and 
disadvantages, according to the application. Therefore, optimization of spray 
conditions and coating microstructures must be made by taking specific 
applications into consideration. 
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Cold spraying of light alloys 
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Abstract: Cold spraying (CS) is a very promising technology for the 
manufacture of coatings and composites, the spray-forming of near-net 
components, and the surface protection of materials. This chapter overviews 
the applications of cold spraying technology for such light alloys as Ti, Al 
and Mg alloys. The microstructure and properties of cold-sprayed coatings 
of these alloys depend on the nature of the coating materials in terms of 
density, strength and activity. The processing parameters must be carefully 
adjusted to produce the expected coating for the required application. 
Finally, surface protection of light alloys by the cold spraying technology is 
also discussed. 


Key words: cold spraying; aluminium alloy; titanium alloy; magnesium 
alloy; microstructure. 


8.1 Introduction: General features of cold 
spraying (CS) 


Cold spraying (CS), also termed cold gas-dynamic spraying (CGDS) or 
kinetic spraying (KS), is a new, emerging coating technology. The general 
principle of CS is illustrated in Fig. 8.1. In this process a high-pressure gas 
is preheated and led into a specially designed nozzle (Laval type mostly) at 
a very high velocity. The fluidized CS powder is fed axially and centrally 
into the nozzle. In the divergent section, gas and powder particles are 
accelerated to high velocities (typically 300 to 1200 m/s) and subsequently 
deposited on an appropriate substrate to form a uniform coating with very 
little porosity, through an impacting process. Since the coating is formed 
through plastic deformation or pseudo-deformation of sprayed particles upon 
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8.1 Schematic diagram of CS process. 
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impact at a high velocity and in a completely solid state (at a temperature 
much lower than the melting point of the sprayed materials), the sprayed 
materials experience little microstructural change, oxidation or decomposition. 
Consequently, oxidation-free metallic coatings of Al, Ti, Mg, Cu and their 
alloys can be easily obtained. 

The distinguishing feature of CS compared with conventional thermal 
spray (TS) processes, as shown in Fig. 8.2, is their ability to produce 
coatings with preheated gas temperatures in the range of room temperature 
to 700°C, a range that is generally lower than the melting temperatures of the 
sprayed materials. Consequently, the deleterious effects of high-temperature 
oxidation, evaporation, residual stresses and other concerns associated with 
TS methods employing a liquefaction step are minimized or eliminated 
(Papyrin, 2001). For this reason, CS seems very attractive for depositing 
oxygen-sensitive light alloy materials such as aluminium alloys, magnesium 
alloys and titanium alloys to fabricate high purity, thick coatings. In addition, 
adhesive and cohesive strengths of CS coatings are comparable to those of 
conventional TS coatings. This makes CS a promising process not only to 
deposit coatings but also to form near-net shape materials. To summarize, 
CS is endowed with the following advantages and disadvantages. 


Advantages: 


e Low temperature process, no bulk particle melting and very little oxidation; 
retains composition/phases of initial particles 
High hardness, cold worked microstructure and low defect coatings 

e Eliminates solidification stresses, enables thicker coatings with compressive 
stress 
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e Lower heat input to work pieces reduces cooling requirement; possible 
elimination of grit blast substrate preparation; no fuel gases or extreme 
electrical heating required and probably reduce need for masking; lower 
cost with the use of air as accelerating gas 

e High deposition efficiency and rate by powder particle recycling 


Disadvantages 


e Hard materials such as ceramics cannot be sprayed without using ductile 
binders; not all substrate materials will accept coating 

e High gas flows, high gas consumption; Helium, believed as the best 
propulsive gas, is very expensive unless recycled 

e Still in research and development (R&D) stage, little coating performance 
data 


Although many coatings have been obtained by CS, the mechanisms by which 
the solid-state particles deform and bond, both to a substrate and to each 
other, are not yet well understood. The most prevailing theory of the particle 
bonding process is that, as is shown in Figure 8.3, the high-velocity impact 
disrupts the oxide films on the particle and substrate surfaces. As the impact 
progresses, plastic flow of the interfacial materials extrudes the crashed oxide 
films to the periphery of the contact interface. The interface fresh metals 
are pressed into intimate contact with one another under momentarily high 
interfacial pressures and temperatures. This hypothesis is supported by a 
number of experimental findings such as: (i) a wide range of ductile (metallic 
materials can be successfully cold sprayed while non-ductile materials such 
as ceramics can be deposited only if they are co-cold-sprayed with a ductile 
(matrix) material; (ii) the mean deposition particle velocity should exceed a 
minimum (material-dependent) critical velocity to achieve a deposition which 
suggests that sufficient kinetic energy must be available to plastically deform 
the solid material and/or disrupt the surface film; and (iii) the particle kinetic 
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energy at impact is typically significantly lower than the energy required to 
melt the particle, suggesting that the deposition mechanism is primarily, or 
perhaps entirely, a solid-state process (Grujicic et al., 2003). This theory would 
also explain the observed minimum critical velocity necessary to achieve 
deposition, since sufficient kinetic energy must be available to plastically 
deform the solid material and break up surface oxides. 


8.2 Potential applications of CS technique 


The CS process was originally developed in the mid-1980s at the Institute 
of Theoretical and Applied Mechanics of the Russian Academy of Science 
in Novosibirsk by Papyrin and his colleagues. They deposited a wide range 
of pure metals, metal alloys, and composites onto substrate materials, and 
demonstrated the feasibility of CS for a number of applications. A US patent 
was issued in 1994, and a European patent in 1995 (Papyrin, 2001). Currently, 
a variety of CS research work is being conducted at various laboratories, 
academic institutions, and companies in Germany, United States, China, 
France, Canada, Russia, South Korea, Japan, United Kingdom, and other 
countries (Gartner et al., 2006; Karthikeyan, 2006; Kroemmer and Heinrich, 
2006; Marx et al., 2006). In Europe, Germany is leading the technology 
development and applications. In the USA, CS technology has been more 
private industry-driven than government funded. A consortium of companies 
including Alcoa, ASB Industries, Ford, K-Tech, Pratt & Whitney, and Siemens 
Westinghouse had funded Sandia National Lab (SNL) to execute a Cooperative 
Research and Development Agreement (CRADA) on CS technology. SNL 
and Penn State University have taken up small developmental activities with 
funds available from private companies such as Alcoa, Ford and P& W. ASB 
Industries have teamed up with NASA GRC, Pratt & Whitney and many 
aerospace industries to develop application coatings for the aerospace and 
gas turbine industries (Karthikeyan, 2004). More recently, The Army team 
at the Army Research Laboratory have led an international effort to develop 
the CS manufacturing process and the accompanying Manufacturing Process 
Standard, MIL-STD-3021, entitled ‘Materials Deposition, Cold Spray’ (DOD, 
2008). Studies conducted by the Army and its partners show that, with a 
small investment, the Army will achieve millions of dollars of cost-avoidance 
savings in not having to purchase new parts. 


8.2.1 Protective coatings 
Corrosion resistant coatings 


CS has potential application in depositing corrosion protective coatings for 
steels in industrial and natural corrosive environments. In contrast to the 
relatively porous and oxidized conventional TS protective coatings, such 
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as Zn, Al and their alloys, cold sprayed protective coatings have higher 
resistance to corrosive media and longer service life. Moreover, the production 
costs for CS protective coatings are comparable to those of traditional arc 
sprayed coatings. It is also easy to deposit some cathodic coatings, such 
as Ti (Wang et al., 2007), Ni and stainless steel, to protect steels in some 
severe environment. The key problem for these CS protective coatings is 
to develop industrial equipment and techniques to economically and easily 
deposit coatings on large and complex surfaces. 


High-temperature resistant coatings 


Typical high-temperature protective coatings include MCrAlY, (M = Co, 
Ni or Co/Ni) coatings for high temperature protection and bond coats for 
thermal barrier coatings (TBCs) (Marrocco et al., 2006a), Cu-Cr layers for 
oxidation protection of alloy structures, and Cu-Cr-Nb deposits (Li et al., 
2006) for high thermal and electrical conductivities at elevated temperatures 
in rocket engines. 


Wear-resistant coatings 


These applications involve CS coatings of wear-resistant materials such 
as cermets (Kim et al., 2005; Li et al., 2007e; Wolfe et al., 2006), metal 
matrix composites (Weinert et al., 2006; Maev and Leshchynsky, 2006) 
and anti-attrition alloys (such as Al alloys, Zn alloys, bronzes). The use of 
these coatings significantly improves the wear performance of industrial 
components. In addition, abradable coatings are designed to preferentially 
abrade when contact is made with a mating part. TS abradable coatings have 
been used for gas path clearance control in gas turbine engines, while for 
CS, it is promising to fabricate these coatings (such as Al-12Si alloy (Wu et 
al., 2006), Al-bronze, Ni-Cr-Al alloys and their composites) with polymer 
or graphite additions. 


8.2.2 Functional coatings 


As CS technology developed, large amounts of functional coatings were 
evolved including amorphous coatings (Ajdesztajn et al., 2006a; Yoon et 
al., 2006), biomaterials and composites (Wang et al., 2007), intermetallic 
layers (Lee et al., 2006; Spencer and Zhang, 2009), nanostructured coatings 
(Ajdelsztajn et al., 2006b, 2006c), photocatalytic TiO, coatings (Han et al., 
2006) and thermoplastic deposits (Xu and Hutchings, 2006). However, this 
kind of coating is not just limited to these materials. Many other coatings 
may also be developed in various industries in the near future. 


© Woodhead Publishing Limited, 2010 


Cold spraying of light alloys 247 


8.2.3. Spray forming 


Apart from technological advances, other goals of process improvement are 
cost and lead-time reductions. To achieve these reductions, all aspects of the 
manufacturing process involved in the fabrication of specific components 
must be examined. It has been found that CS has a great potential to directly 
fabricate Ti components (Marrocco et al., 2006b). Not only Ti, but also its 
alloys and other engineering materials, such as Al and its alloys (Weinert 
et al., 2006), Cu and its alloys, Ni and its alloys, can be spray-formed to 
economically produce near-net parts for most industrial applications. 


8.2.4 Repair and restoration 


An important recent development in the area of rapid tooling repair involves 
the use of massive TS deposits of steel over ceramic moulds to form tooling 
used in sheet metal forming. Typically, the spray deposits used in this 
process are made from twin-wire arc deposition of carbon steels and contain 
a relatively high fraction of oxide, as well as carbon, rendering the material 
difficult to repair or adjust by tungsten inert gas (TIG) or metal inert gas 
(MIG) welding, which is the usual industry practice. CS of high-purity iron 
as an intermediate layer was found to permit the use of more conventional 
welding processes for repair and material build-up on dies formed by the 
TS process. In addition, Al and its alloy coatings are being investigated for 
repair/refurbishment of space shuttle solid rocket boosters and others, repair 
and retrieval of parts and plate stocks used in aircraft structures, and repair/ 
refurbishment of gas turbine casings. Similarly to Al, studies are being pursued 
with copper, titanium and tantalum, etc. in rapid tooling repair (Kroemmer 
and Heinrich, 2006). 


8.3 CS of aluminium (Al) and its alloys 


Aluminium and its alloys are widely used as materials for engineering 
components in the automotive and aeronautical industries because of their 
light weight and high corrosion resistance. However, sometimes cracks may 
develop in aluminium components which have to be repaired by welding 
and conventional thermal spray techniques. CS can be used as an alternative 
technique to repair such cracks in aluminium components (Ogawa eft al., 
2008). Due to their low-density, aluminium and its alloys are good candidates 
for CS, easily achieving the spray velocities required for coating deposition. 
In addition, aluminium is ductile and therefore can easily undergo plastic 
deformation when impacting onto the substrate, achieving good bonding 
with the substrate. Cold-sprayed Al coatings can be applied to protect metal 
surfaces from atmospheric degradation, because a very thin and impervious 
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oxide layer is formed on the aluminium surface. Instead of replacing the 
whole structure, repair and reclamation of the coating are possible, with the 
required protection coming from the sprayed aluminium structure. Hence, 
the cold-spray process is highly attractive, enabling tremendous savings by 
becoming an inherent part of an integral manufacturing process for Al and 
its alloys. 


8.3.1. Microstructure of cold-sprayed Al and its alloy 
coatings 


Figure 8.4 shows an etched cross-sectional microstructure of the cold-sprayed 
Al coating (Morgan et al., 2004). It can be seen that the coating is made 
up of individual, highly deformed powder splats and some porosity can 
be observed within the coating although this is limited. Most particles are 
deformed into long thin splats. However, in some regions, the particles do 
not appear significantly deformed, with only a slight change to the aspect 
ratio (width/height) of the particle. 

According to the results obtained both by experiment and numerical 
simulation, many factors influence the particle velocity in CS, including 
nozzle geometry, accelerating gas conditions and properties of the particles. 
When the nozzle dimensions are fixed, the standoff distance from nozzle exit 
to substrate influences the particle velocity and thus the deposition efficiency 
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8.4 The cross-sectional microstructure of cold-sprayed Al coating 
(Morgan et al., 2004). 
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and coating microstructure. Figure 8.5 shows some cross-sectional optical 
microscopy (OM) micrographs of the as-cold-sprayed Al coatings at different 
standoff distances (Li et al., 2008a). It was found that the coating thickness 
decreased with increase of the standoff distance. On the other hand, it was 
found that the standoff distance has little effect on coating microstructure, 
but did affect the coating thickness for Al coatings. However, Al coatings 
present a porous structure, and the porosities are 1—-3%. This porous structure 
for Al coatings has been reported in the literature (Steenkiste et al., 1999; 


8.5 OM micrographs of Al coatings deposited at the different standoff 
distances (a) 10 mm, (b) 30 mm, (c) 50 mm, (d) 70 mm, (e) 90 mm 
and (f) 110 mm. 
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Li et al., 2007a). Generally, the extent of deformation of deposited particles 
accounts mainly for the porosity of cold sprayed coatings. The deformation 
extent of a particle is determined by its strength as well as its density, which 
will influence the kinetic energy of particle at the same velocity (Li et al., 
2007a). Therefore, it is difficult to form a low porosity Al coating due to 
its low density (Van Steenkiste et al., 1999; Li et al., 2007a). 

Aluminium alloys with high silicon contents exhibit high strength, low 
thermal expansion coefficients and high wear resistance. Due to these qualities, 
together with their excellent castability and reduced density, these alloys 
are very interesting for the automotive industry where they can successfully 
replace cast iron parts in heavy wear application. Figure 8.6 shows the 
microstructure of a cold-sprayed Al-12Si coating (Li et al., 2007b). It was 
found that, besides a@-Al phase in dark grey, many fine silicon cuboids (<1 um 
in diameter) and pre-existing silicon particulates in light grey contrast were 
formed in the coating. There are also some zones with an almost unchanged 
structure compared to the feedstock, as marked by the white circle in Fig. 
8.6a, which indicates the little-deformed part of the particle. These results 
may indicate that the dissolution and ageing processes have occurred during 
the coating deposition under the thermal effect of high-temperature gas on 
the substrate or previously deposited coating surfaces. 

Al-Sn binary alloys are commonly used as sliding bearing materials in the 
automotive industry. In this binary alloy system, tin is a necessary soft phase 
in the aluminium matrix. Due to its excellent anti-adhesion characteristics 
with iron, its low modulus and its low strength, tin can provide a suitable 
shear surface during sliding. Figure 8.7 shows some optical cross-sectional 
micrographs of Al-10Sn coatings (Ning et al., 2008). The coatings present a 
relatively dense structure with some pin holes (indicated as dark spot in Fig. 
8.7a). It can be observed that the coatings showed lamellar structures due 
to deformation during particle impacting. It is quite difficult to distinguish 
the single particles since the intensive deformation of the particle make a 
thicker deformation layer, as shown in Fig. 8.7b. 

Al-Cu alloys have been extensively used in aerospace, aeronautical 
and automotive applications due to their high strength. The addition of 
alloying elements to Al-Cu alloys (such as Mg, Fe, Ag, or Ni) may result 
in the formation of novel metastable intermetallic phases (such as Al,Cu, 
Al,CuMg, or AloFeNi) and consequently improve their mechanical properties. 
Figure 8.8 shows a cold-sprayed 2618 Al alloy coating (Al-Cu-Mg-Fe-Ni) 
modified with 0.16 wt.% Sc (Ajdelsztajn et al., 2006b). It can be seen that 
the coating was very dense and very little porosity is present in the coating. 
Additionally, the intermetallic Al,CuMg at the grain boundaries and AloFeNi 
precipitates distributed throughout the matrix can be seen clearly, as shown 
in Fig. 8.8b. 

In CS, metals can be deposited ‘in air’ without significant oxidation. 
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8.6 SEM micrographs of the etched cross-section of CS Al-12Si 
coating (a, b) and Si element map (c) by EDS analysis of (b). 


© Woodhead Publishing Limited, 2010 


252 Surface engineering of light alloys 


™ 


S es 7° SO 
ae - = 


4 ~=* 1 Sa ad 
| Detrmes OE ae 


SSS 


: oo 


(b) 


8.7 Cross-sectional microstructure of Al-10Sn (a) and high 
magnification (b) (Ning et a/., 2008). 


Therefore, the CS process is also very interesting for brazing technology. 
A braze alloy, Al12Si, was deposited onto an aluminium alloy 6063 by the 
CS process and the deposited samples were heat-treated at 500 and 615°C 
under an argon atmosphere (Zhao et al., 2006). Figure 8.9 shows a cross- 
section of a sample brazed under an argon atmosphere with a very small 
amount of flux (Zhao ef al., 2006). It can be seen that the deposited part 
and uncoated part were brazed together. The original boundary between the 
coating and substrate totally disappeared. The substrate shows a very good 
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8.8 Microstructure of cold-sprayed 2618+Sc coating (a) low 
magnification and (b) high magnification micrograph showing the 
presence of AlgFeNi and Al;FeCu, precipitates (Ajdelsztajn et al., 
2006b). 
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8.9 Microstructure of a sample brazed under argon atmosphere 
(Zhao et al., 2006). 


metallurgical bonding with the braze alloy. The results show that the pre- 
deposition of brazing alloys by the CS process can be a very useful tool for 
brazing aluminium alloys. 

In the past few years, some evidence has come to light of interfacial melting 
in cold spraying, particularly with low-melting-point metals and alloys. Li 
et al. (2005) proposed that the fine, amorphous particles observed in cold- 
sprayed zinc were in fact trapped, molten material that had been produced 
by interfacial jetting. Figure 8.10 shows SEM micrographs of the etched 
cross-section and of the fractured surface of an A12319 (Al: 91.4-93.8%, Cu: 
5.8-6.8%, Mn: 0.2-0.4%, Fe: ~0.3%, Si: ~0.2%) coating (Li et al., 2007a). 
It is observed that the Al2319 particles in this coating have experienced 
intensive plastic deformation, but there are still some pores between the 
particles. From the fractured surface, by bending, the local melting could be 
observed with a ductile fracture, marked by an arrow in Fig. 8.10d. It was 
found that a metallurgical bonding could be formed at some local interfaces 
in Al2319 coating, as marked by arrows in Fig. 8.10b. From the pull-off 
test, the adhesive strength of the Al2319 coating was about 34 MPa, which 
is relatively high taking into account its bulk strength. It was considered 
that the metallurgical bonding could be associated with the impact fusion 
during deposition. 

Figure 8.11 shows the as-sprayed and fractured surface morphologies of 
Al-12Si coatings deposited at a high gas temperature of 560°C (Li et al., 
2007b). The evidence of melting on a crater caused by the rebounded particle 
could be observed as marked by arrows in Fig. 8.11b. This is similar to the 
results observed for cold-sprayed Zn coatings. From the fractured surface, 
by bending, it is seen that the failure mainly occurred across the flattened 
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8.10 SEM micrographs of cross-section of Al2319 coating in the 
etched state (a,b) and fractured surface morphologies (c,d). (b) and 
(d) are high magnifications of (a) and (c), respectively. The arrows in 
(b) indicate the local bonding between the deposited particles. The 
arrows in (d) indicate the ductile fracture appearing as small 
dimples. 
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8.10 Continued 


particles with a typical ductile fracture. Many dimples were present at the 
fractured zones, as shown in Figure 8.11d. This fact may suggest a good 
bonding between the deposited particles. The adhesive strength of the Al-12Si 
coating was not less than 50 MPa (fracture in the used adhesive), which is 
relatively high taking into account its bulk strength. A strong metallurgical 
bonding could be formed in this condition. 
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8.11 SEM surface morphologies of as-sprayed Al-12Si coating 

(a,b) and fractured surface morphologies (c,d). (b) and (d) are high 
magnifications of (a) and (c), respectively. The arrows in (b) indicate 
the local melting. (d) indicates the ductile fracture appearing as small 
dimples. 
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8.11 Continued 


8.3.2 Microstructure of cold-sprayed nanostructured Al 
and its alloy coatings 


Nanostructured materials are of widespread interest to the scientific 
community because of the unique and unusual properties offered by these 
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materials. The high grain boundary content of nanocrystalline materials 
results in grain boundary properties contributing significantly to the bulk 
material properties. One of the most challenging problems associated with 
nanocrystalline materials is the consolidation of these small powders into 
larger shapes that can be used for practical applications. Because in the CS 
process the particle adheres to the substrate following a solid-state plastic 
deformation process (with no or very little melting at the local interface), 
the process is likely a controllable method for preparing metal coatings 
and bulk metal shapes with homogeneous nanocrystalline microstructures 
(Ajdelsztajn, 2005). Figure 8.12 shows the microstructure of a cold-sprayed 
nanocrystalline Al 5083 coating using a cryomilled powder (Ajdelsztajn, 
2005). It can be seen that the interface between the coating and the pure 
Al substrate is almost undetectable in the SEM image, suggesting a good 
bonding between the coating and the substrate. A TEM analysis performed 
on the coating indicates the presence of nanocrystalline grains with a grain 
size distribution from 10 to 30 nm, as shown in Fig. 8.12b. 

The CS technique is under development as a method for rapid prototyping 
and manufacturing, due to its high deposition efficiency. Therefore, cold 
spraying of cryomilled (or other types of milled) powder could offer a new and 
alternative approach to existing consolidation techniques for the fabrication 
of large bulk nanocrystalline metallic samples with reasonable cost. Figure 
8.13 shows an example of a cone-shaped nanocrystalline Al 5083 deposit 
produced using the CS process (Ajdelsztajn, 2005). The production of large 
nanocrystalline samples will not only benefit engineering applications but 
will also provide the scientific community with the opportunity to investigate 
the mechanical behaviour of large bulk nanocrystalline items. 


8.3.3 Microstructure of cold-sprayed Al metal matrix 
composite (MMC) coatings 


In some applications, such as heat sinks in electronic packages, only composite 
materials meet the requirements. Various metallic composites such as Al-Fe 
(Wang et al., 2008), Al-Cu (Price et al., 2007), Al-Ni (Lee et al., 2007) and 
Al-Ti (Novoselova et al., 2006) coatings have been successfully deposited. 
Composite coatings are usually sprayed from preliminarily prepared powder 
mixtures. Then, the obtained composite coatings can be post-treated to modify 
their physical and chemical properties (Klinkov et al., 2008). 

Figure 8.14 shows the cross-sectional microstructure of the as-sprayed 
Al-Fe composite deposit examined in the SEM backscattering mode (Wang 
et al., 2008). It is clear that the coating presents a dense microstructure. 
Both Fe (light) and Al (dark) can be readily distinguished according to their 
respective contrast, and were uniformly distributed in the coating. Being 
softer than iron, aluminium deforms more easily and formed a uniform, 
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(a) 


8.12 SEM images of (a) the cross-section of the nanocrystalline cold- 
sprayed Al 5083 coating and (b) bright-field TEM image with a SAD 
pattern (Ajdelsztajn et a/., 2005). 


pore-free matrix, in which Fe appears as isolated particles with relatively 
less deformation, as shown in Fig. 8.14b. 

Figure 8.15 shows the microstructure of a cold-sprayed Al-Cu composite 
deposit examined in backscattering mode (Price et al., 2007). The copper 
particles exhibit brighter contrast in the image, due to their higher atomic 
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8.13 Nanocrystalline Al 5083 cold-sprayed deposit (Ajdelsztajn et al., 
2005). 


number. There appears to be little porosity, with good interparticle contact, 
as shown in Fig. 8.15a. Following heat treatment of the deposits, it was found 
that one or more intermetallic phases formed at interparticle boundaries, 
but the coverage of the Al-Cu interfaces was incomplete, as shown in Fig. 
8.15b. 

Figure 8.16 shows optical microscope images of as-coated AI-Ni coatings 
(Lee et al., 2007). Ni particles embedded in the continuous Al matrix maintain 
their overall original size and it is believed that during the process, most of 
dynamic energy dissipations for the Ni particles were consumed by splatting 
of the soft Al component. The Ni particles became larger with annealing 
because of the reaction between Al and Ni particles in the coatings, as shown 
in Fig. 8.16b. 

Besides metal-metal composites, the fabrication of metal—ceramics 
composites, such as Al-Al,O3 (Irissou et al., 2007), Al-SiC (Eesley et 
al., 2003), Al-TiN (Li et al., 2007d, 2008b) and Al12Si-SiC (Sansoucy et 
al., 2008) is of great significance in applications, owing to their excellent 
combination of higher specific strength and improved wear resistance over 
their base alloys. 

Figure 8.17 shows cross-sectional SEM micrographs of a Al5356/TiN 
(50 wt.%) composite deposited with a ball-milled blend (BM composite) 
(Li et al., 2008b) The BM composite presents a dense structure and TiN 
particles are uniformly dispersed in it. In addition, there are many fine TiN 
particulates in the BM composite (Fig. 8.17b). Therefore, it is difficult to 
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(a) 


8.14 Cross-sectional images of the as-sprayed aluminium/iron 
composite deposit (a) overview; (b) high magnification (Wang et al., 
2008). 


estimate the TiN volume fraction, because of the dispersed superfine TiN 
particulates. Figure 8.18 shows cross-sectional fracture morphologies of the 
BM composite obtained by bending the substrate to peel the coating (Li et al., 
2008b). The BM composite presents a distinguishing fracture pattern from 
the pure Al5356 deposit, where the fracture mostly occurred at the weak 
interfaces between the deposited particles. It seems that the fracture occurred 
from both the interfaces between TiN particles with the matrix and those 
between the deposited Al5356 particles. Apparently, the deposited Al5356 
particles in the composite presented higher plastic deformation before the 
fracture occurred. This fact is closely related to the pinning effect of the 
ceramic particles on the deposited A15356 particles. 

A comparison of the friction behaviour between the ball-milled blend 
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8.15 SEM images of (a) the as-sprayed Al-Cu deposits and (b) the 
heat-treated Al-Cu deposits, showing Cu (bright), Al (dark) and an 
intermetallic layer of intermediate contrast at the interface (Price et 
al., 2007). 


(BM) and the mechanically mixed (MM) composite was carried out. 
Figure 8.19 shows the morphologies of the worn track of the BM AI5356/ 
TiN (50 wt.%) composite coating after a friction test with a ball-on-disc 
configuration. It was found that the width of worn track was less than that 
of the mechanically mixed (MM) composite (Li et al., 2007d). The BM 
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(b) 


8.16 Cross-section images (OM) of (a) as-sprayed AI-Ni composite 
coatings and (b) the heat-treated AI-Ni coatings (Lee et a/., 2007). 


composite coating exhibited a better wear resistance; the wear rate was only 
half that of the MM composite coating. For the BM composite, more and 
finer TiN particles were found in the worn track than in the MM composite 
deposit. Therefore, taking into account the third-body rolling action, it could 
be considered that the superfine TiN particulates contributed to the further 
decrease in of wear-rate of the BM composite. 

SiC-reinforced Al-12Si alloy coatings were produced using a cold gas 
dynamic spraying process, as shown in Fig. 8.20 (Sansoucy et al., 2008). It can 
be seen that the coatings show a dense and clean microstructure and consist 
of deformed Al-12Si particles that surround the SiC particles. Porosity levels 
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8.17 Typical SEM (backscattered electrons) micrographs of cross- 
section of BM composite (a) and (b) high magnification of (a). Bright 
phase is TIN and dark phase is Al5356. 


below 1% were found in the composite coatings. The interface between the 
particles of the matrix is difficult to detect as a result of significant plastic 
deformation upon impact. The individual SiC particles, corresponding to 
the darker spots, are randomly distributed and homogeneously dispersed 
within the aluminium alloy matrix. Agglomerations of SiC particles, often 
experienced in the casting and powder metallurgy of Al-SiC composites, were 
not observed in the coatings. Examination at a higher magnification reveals 
the presence of fractured SiC particles, as shown in Fig. 8.20b. Break-up 
of the SiC particles most likely occurred during the spray process when 
SiC particles collided with the SiC particles on the surface of the coating 
previously deposited. 
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8.18 Fractograph of BM composite obtained by bending the substrate 
to peel the coating (a) and (b) high magnification of (a). 


Figure 8.21 shows the microstructure of an aluminium—alumina (AI-Al,03) 
composite coating that was processed using a powder blend (Gartner et al., 
2006). The hard phases (Al,03) are homogeneously dispersed within the 
aluminium matrix. Such composites combine high electrical and thermal 
conductivity with enhanced wear resistance. Since the adhesion between 
ceramics and metals requires activation of the interfaces to ensure bonding, 
a substantial amount (50 vol.%) of the hard phase that is present in the 
powder blend is not incorporated into the coating. Nevertheless, it is worth 
noting that the embedded amount (of about 15 vol.%) of the hard phase 
already reduces two-body abrasive wear to half of that obtained for pure 
aluminium. In comparison to high-performance aluminium alloys, two-body 
wear is reduced by one third. 
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Sliding direction 


8.19 Worn surface of the BM composite. 


High-energy rare earth permanent magnets, such as samarium—cobalt 
and neodymium-iron-boron alloys, have been the subject of considerable 
attention in recent years. These materials can be plasma-sprayed, but the 
resulting coating exhibits porosity, oxidation, and degradation of magnetic 
properties (Overfelt et al., 1986). Rare earth permanent magnets are hard 
and brittle, so CS requires the magnetic powder to be mixed with a ductile 
metallic powder and the two to be sprayed together to form a metal matrix 
composite. Figure 8.22 shows microstructures of the Al-Nd2Fe14B composite 
deposits. It can be seen that many Nd2Fe14B particles had fractured due to 
Nd2Fe14B-on-Nd2Fe14B impacts (King et al., 2007). Small fragments and 
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8.20 SEM images of the cross-sections of Al-12Si/SiC composite 
coatings (a) and (b) high magnification of (a) (Sansoucy et al., 2008). 


large unbroken particles alike were trapped and completely surrounded by 
the aluminium matrix. The result shows that the magnetic properties of the 
Nd2Fe14B remained unaffected by the CS process (King et al., 2007). 
Carbon nanotubes (CNTs) have been used as reinforcement for polymer 
ceramic and metal matrix composites (MMC) due to their excellent mechanical 
properties, such as strength and stiffness, up to 63 GPa and ~1 TPa respectively 
(Yu et al., 2000) and thermal conductivity of up to 3000 W/mK (Kim et al., 
2001). Some of the processing techniques used in the fabrication of CNT- 
reinforced MMCs are conventional powder metallurgy techniques (Feng et 
al., 2005), electroplating (Arai et al., 2004) from CNT-containing electrolytic 
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8.21 Cold-sprayed Al-Al,03 composite coating on a steel substrate; 
(a) overview; (b) close-up (Gartner et a/., 2006). 


baths, spark plasma sintering (Kim ef al., 2006) and thermal spraying (Laha 
et al., 2004). The manufacture of a uniform dispersion and alignment of 
nanotubes within the metal matrix composites is still a challenge. The CS 
process provides a new method for the fabrication of composites reinforced 
with CNTs. Figure 8.23 shows optical micrographs of the Al-CNT composited 
coatings (Bakshi et al., 2008). It can be seen that thick and dense coatings 
in the order of 500 um were formed by CS. Three distinct features seen in 
the optical micrographs are: deformed Al particles; Al-Si particles from the 
collapse of the spray dried particles; and porosity. As seen in Figs 8.4c and d, 
the Al-Si particles were between the deformed AI particles. The Al particles 
had undergone a large amount of plastic flow to form elongated disc-like 
particles which are often referred to as splats (Bakshi et al., 2008). 
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8.22 Microstructure of cold-sprayed Al-Nd2Fe14B composite deposit 
(King et al., 2007). 


8.3.4 Properties of cold-sprayed Al and its alloy 
coatings 


Cold-sprayed Al coatings can be applied to protect metal surfaces from 
atmospheric degradation, because a very thin and impervious oxide layer 
is formed on the aluminium surface. Potentiodynamic polarization studies 
can detail the corrosion behaviour of the Al alloy. Figure 8.24 shows the 
corrosion behaviour of cold-sprayed 1100 Al coatings using 100 vol.% He 
and a mixture of He-20 vol.% N> as carrier gases, and the substrate, at pH 
of 0.9 using H,SO, as an electrolyte (Balani et al., 2005). Both the coatings, 
as well as the substrate, exhibit continuous passivity after a potential of 
~0.11 V. This is a consequence of the continuous dissolution of aluminium 
and simultaneous surface healing by rapid oxide formation on the surface 
of the coatings and the substrate. The passivation current density was found 
to be similar for the two coatings. The higher current values of the coatings 
than the substrate signify the faster protective layer formation in the case 
of coatings at 0.9 pH. This is attributed to the presence of porosity and the 
residual stress in the coating. Additionally, addition of nitrogen in the carrier 
gas improved the corrosion resistance of the aluminium-sprayed deposition 
on 1100 Al substrate (Balani et al., 2005). 

Van Steenkiste et al. (2002) studied the microstructure, mechanical 
behaviour and dynamics of cold-sprayed Al coatings. They found that the 
cold-sprayed Al coating demonstrates classic metallic behaviour, consisting 
of a linear region followed by a yielding by a strain-hardening region and 
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8.23 Optical micrograph of Al-0.5CNT coating (a) and (b) high 
magnification of (a) (Bakshi et al/., 2008). 


finally a failure as the strain increases, as shown in Fig. 8.25. In addition, the 
measured results showed that the elastic modulus, yield point, and ultimate 
tensile strength of cold-sprayed Al coating were 30.8GPa, 56MPa and 
T5MPa, respectively, compared with those of 69GPa, 12MPa and 47MPa, 
respectively, for the annealed Al (Van Steenkiste et al., 2002). 

For thermally-sprayed coatings, post-spray heat treatment can be applied to 
release the residual stress, to decrease porosity, or to improve the properties 
of coatings (Pawlowski, 1995). Many investigators have examined the effect 
of post-spray annealing treatment on the microstructure of cold-sprayed 
coatings, aiming at the modification of coating service performance (Calla 
et al., 2006; Li et al., 2006; Ogawa et al., 2008; Li and Li, 2004, 2006; 
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8.24 Comparison of potentiodynamic polarization behaviour for 1100 
Al and the two different 1100 Al coatings, cold sprayed with 100 
vol.% He and He with 20 vol.% N> as carrier gas at 0.9 pH (Balani et 


al., 2005). 


Stress (MPa) 


10 a ro or oo ot 
-0.001 0.000 0.001 0.002 0.003 0.004 0.005 
Strain 


0.006 0.007 


8.25 Tensile testing of a cold-sprayed Al coating (Van Steenkiste et 


al., 2002). 


McCune et al., 2000; Hall et al., 2006). It is expected that the incompleteness 
of interface bonding can be healed and modification of the inner particle 
structures in a cold-sprayed coating can be achieved through post-spray 


© Woodhead Publishing Limited, 2010 


Cold spraying of light alloys 273 


heat treatment, and consequently the coating properties improved. Figure 
8.26 shows the results of four-point bending tests on the heat-treated (HT) 
cold-sprayed Al specimens (Ogawa et al., 2008). It can be seen that, in the 
case of compressive loading, the un-heat-treated specimens showed a higher 
strength as compared to the HT specimens because of the decrease in the 
hardness value after heating. On the other hand, in the case of tensile loading, 
the HT specimens showed a significantly higher strength and displacement 
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8.26 Results of four-point bending tests of heat-treated Al specimens. 
(a) Compressive loaded and (b) Tensile loaded (Ogawa et al., 2008). 
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as compared to the untreated specimens; the strength of the former is two 
times higher than that of the latter. Moreover, the displacement of the HT 
specimens is five times higher than that of the untreated specimens. 


8.4 CS of titanium (Ti) and its alloys 


Titanium and its alloys have wide applications in aerospace, implant, and 
corrosive environments due to their unique properties, such as high strength- 
to-weight ratio, excellent corrosion resistance, specific corrosion/oxidation 
resistance and biocompatibility (Zhou and Ning, 1993). However, the high- 
oxygen affinity of titanium limits the affordability of this material due to 
expensive production processes that require a controlled atmosphere, such 
as vacuum melting (Lutjering and Williams, 2003). Because cold-spraying 
is a 100% solid-state process, the deposition ‘in air’ of titanium coatings 
without significant oxidation represents an important technical achievement 
and provides a cost-effective alternative in direct fabrication of titanium 
products (Zahiri et al., 2009). 


8.4.1. Microstructure of cold-spray Ti and its alloy 
coatings 


Figure 8.27 shows the typical microstructure of a cold-sprayed Ti coating 
deposited with angular Ti feedstock and using N> as the driving gas (Li and 
Li, 2003). It was observed that the coating consisted of two distinguishable 
regions: a porous top layer, as shown in Fig. 8.27b and a dense inner one. 
The porous layer was about 150-200 um deep from the coating surface 
under the used spray conditions (Li and Li, 2003). It was confirmed that the 
thickness of this porous layer was almost independent of the whole coating 
thickness (Li, 2005). Figure 8.28 shows the porosity distribution along the 
thickness from this coating surface, which was measured from the coating 
surface at intervals of 20 um (Li and Li, 2004). It can be noticed that the 
porosity decreased with the distance from the coating surface. These facts 
indicate that Ti spray particles were deposited on the substrate surface to 
form a porous coating owing to limited deformation. Those particles were 
deformed successively during the deposition of following spray particles. 
Accordingly, the deposited layer was gradually densified by succeeding 
particles, which tamped the deposited porous layer. The cumulative tamping 
effect of successive impacts led to a gradual densification of the porous 
layer. The most recently deposited particles experienced less tamping effect 
than the previously deposited particles. Therefore, with increase of coating 
thickness, the surface coating always kept a porous structure and the deeper 
coating became denser. 

Using a porous sponge Ti feedstock, the formation of a very porous Ti 
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8.27 (a) Typical microstructure of cold-sprayed Ti coating deposited 
using Nz and (b) high magnification of the top layer. 


coating was reported by Kathikeyan et al. (2000), even deposited using He gas. 
According to our findings and those reported in the literature, it is proposed 
that the tamping effect that results in densification of the deposited coating 
in cold spraying depends on the momentum of the impacting particles and 
particle morphology. For particles of low density, such as Al and Ti, less 
tamping occurs than with Cu powder. Therefore, the top porous layer with 
Cu is far less obvious than with Ti coatings. Because of the tamping effect, 
it can be considered that if the particle velocity is increased, the tamping 
effect will be enhanced. As a result, the thickness of the porous layer will 
be decreased. Figure 8.29 shows the typical microstructure of a Ti coating 
deposited with the same angular Ti feedstock and using He as the driving 
gas (Li and Li, 2003). This coating also presents two typical regions. As 
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8.28 Change of the porosity in Ti coating (Fig. 8.27) with the distance 
from coating surface. 


seen from Fig. 8.29b, the thickness of the porous layer was about 100 um 
which is less than that in the coating deposited using N, gas. Investigations 
have shown that spray particles can reach a much higher velocity using He 
as the driving gas than using N>. Therefore, the tamping effect is enhanced 
by using He gas. 

In addition, the investigation also showed that the porous feature of the 
coating was little affected by the powder morphology (Li, 2005). Figure 8.30 
shows the typical microstructure of a cold-sprayed Ti coating deposited using 
spherical Ti powder and N3 gas (Li, 2005). It could be seen that this coating 
also had a porous top layer. The shapes of the micropores were slightly 
different from those in the coating deposited with the angular Ti powder, 
as shown in Figs 8.27 and 8.29, but with the porous sponge Ti powder, the 
as-sprayed Ti coating presented a much more porous structure, no matter 
which gas was used (Karthikeyan et al., 2000). 

Finally, the tamping effect also depends on the hardening effect occurring 
during deformation (Li, 2005). The less hardening materials are more easily 
deformed and consequently a less porous layer is formed under the same 
spray conditions. 

As mentioned, the tamping effect will take place under all spray conditions, 
but its influencing extent will depend on the particle conditions. A recent 
study (Li et al., 2007a) indicated that the formation mechanism of a porous 
coating structure in cold spraying depends mainly on the particle conditions, 
e.g. particle velocity, strength, particle surface activity and oxide films. These 
effects will be discussed in the following section. 


© Woodhead Publishing Limited, 2010 


Cold spraying of light alloys 277 


~ (b) 


8.29 (a) Typical microstructure of cold-sprayed Ti coating using He 
and (b) high magnification of the top layer. 


8.4.2 Formation mechanisms of the porous 
microstructure of cold-sprayed Ti and its alloy 
coatings 


Generally, the deformability of the sprayed metallic particles accounts 
mainly for the micropores in the as-cold-sprayed coatings. As reported in 
the literature, it is easy to produce dense coatings of pure Cu, Zn, Fe, etc. 
(Stoltenhoff et al., 2002; Li and Li, 2004; Van Steenkiste et al., 1999) owing 
to their good deformability, whereas it is difficult to form dense coatings 
for some high strength alloys, such as stainless steel and MCrAlY (Schmidt 
et al., 2006; Stoltenhoff et al., 2002). Moreover, it is difficult to produce a 
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8.30 Typical microstructure of cold-sprayed Ti coating with spherical 
Ti feedstock and using No. 


dense coating using larger particles, due to their relatively lower velocities 
and wider gaps to be filled between the deposited particles during spraying 
(Schmidt et al., 2006; Van Steenkiste et al., 2002). However, for Al and Ti 
powders, although they have relatively low strength, it is still difficult to form 
a dense coating, especially for Ti (similar to tantalum coating (Van Steenkiste 
and Gorkiewicz, 2004)). Although the accumulative tamping effect plays a 
role in the formation of a porous structure, a large number of experimental 
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results have recently demonstrated that there are still other important factors 
influencing the porous coating microstructure. Essentially, the pores are 
associated with insufficient deformation of the deposited particles for some 
reason — maybe because of the lower deformability of the particles, or the 
larger particle sizes and lower velocities, or for other reasons. 

For a better understanding of the deposition behavior of different materials, 
many types of powders were used in the study (Li et al., 2007a), such as 
Cu, Zn, Fe, Ni, Al, Ti, Ni-Cu alloy, Cu-Sn alloy, Al-12Si alloy, Ti-6AI-4V, 
FeAl, NiAl, 316L stainless steel, and MCrAIY. It was found that particle 
surface reactivity plays an important part in the formation of porous Ti and 
Ti-6AI-4V alloy coatings (Li et al., 2007a). 

It was reported by Schmidt et al. (2006) that the critical velocity for Ti 
particles of 25 um was about 750 m/s. According to this critical value and 
the simulation result of particle velocity under the spray conditions used 
in the work of Li et al. (2007a), only Ti particles less than 6 um can be 
deposited. This suggests a deposition efficiency of less than 5%. However, 
the actual deposition efficiency of the Ti powder was estimated to be higher 
than 75%. Therefore, there must be other important factors influencing the 
deposition. 

During all the experiments with Ti powder, it was of much interest to 
observe that the powder triggers a flashing jet at the nozzle exit. Figure 
8.31 shows this interesting phenomenon. It was found that a flashing jet of 
about 10 cm outside the nozzle exit could be clearly observed, even without 
preheating of the driving gas, as shown in Fig. 8.31a. When the driving gas 
was preheated to 520°C, the flashing jet became brighter and longer than 40 
cm, as shown in Fig. 8.31b. The flashing jet could also be obviously observed 
with nitrogen and helium as the driving gases for the Ti powder. It seems 
that the ignition of the Ti particle surfaces had occurred. The higher oxygen 
content in the Ti coating (0.60wt.%) than that in the Ti powder (0.31 wt.%) 
could explain this point (Li et al., 2007a). According to the literature (Zhou 
and Ning, 1993; Li, 2003), titanium is one of the more reactive metals and 
easily reacts with oxygen in the air at a relatively high temperature of about 
550°C. But it needs a higher temperature to react with nitrogen. The nitrogen 
content in the as-sprayed Ti coating (0.10wt.%) is comparable to that in the 
Ti powder (0.07wt.%). This fact suggests that the powder particles react 
with oxygen rather than nitrogen during deposition. Therefore, it could be 
considered that during cold spraying of Ti powder, the particles’ friction 
with the driving gas and/or the nozzle inner wall breaks up the oxide film 
and generates a relatively high surface temperature. When the particles fly 
out of the nozzle exit, their fresh surfaces are oxidized by oxygen in the 
entrained or employed air, and thus a flashing jet is generated. In the local 
contact interfaces of the deposited particles, a metallurgical bonding may be 
formed because of the relatively high interfacial temperature resulting from 
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8.31 Photos of the flashing jet with Ti powder particles outside nozzle 
exit. (a) Air, 2.8 MPa, without preheating, jet length from nozzle exit: 
~10 cm; (b) Air, 2.8 MPa, with preheating of gas at 520°C, jet length 
from nozzle exit: ~40 cm. 


both the friction and the adiabatic impacting process. Figure 8.32a shows a 
typical SEM microstructure of the Ti coating in an etched state. It was seen 
that the deposited Ti particles are deformed a little and thus a relatively 
high porosity in the coating appears. Also, at some interfaces between the 
deposited particles, a metallurgical bonding has been formed, as marked by 
arrows in Fig. 8.32b. This metallurgical bonding will enhance the coating 
adhesion. Consequently, Ti particles can be deposited with high deposition 
efficiency, even without using a high velocity and thus an extensive plastic 
deformation. Therefore, it is considered that the reactivity of Ti particle 
surfaces can be attributed to the porous structure of the Ti coating. 

When Ti-6A1-4V powder was used as feedstock, a flashing jet could also 
be observed clearly during spraying using air as the driving gas, regardless 
of the preheating of the gas. A similar flashing jet appeared when using 
helium as the driving gas. Figure 8.33 shows the typical microstructure of a 
Ti-6A1-4V coating deposited at an air pressure of 2.8 MPa and a temperature 
of about 520°C in the pre-chamber. It is clearly observed from Fig. 8.33 that 
the as-cold-sprayed Ti-6A1-4V coating presents much porous structure. The 
porosity of this Ti-6A1-4V coating was about 22.4% (Li et al., 2007a). Many 
deposited Ti-6Al-4V particles experienced almost no plastic deformation, 
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8.32 SEM microstructure of the as-deposited Ti coating in the etched 
state. 


owing to their high strength, as shown in Fig. 8.33. This can be clearly 
seen from the SEM micrographs in the etched state, as shown in Fig. 8.34. 
According to numerical simulation results, the particle velocities under these 
spray conditions were much lower. Based on the previous understanding of 
the bonding mechanism of cold sprayed particles, the critical velocity of Ti- 
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(a) 


8.33 Typical OM micrograph of Ti-6AI-4V coating (>2mm) (a) coating 
substrate interface, and (b) coating surface. 


6AI-4V will be much higher than that of Ti owing to its high strength and 
thus it is more difficult to deform. Therefore, it seems impossible for Ti-6Al- 
AV particles to be deposited under these spray conditions. However, in fact, 
the Ti-6AI1-4V particles were deposited and the deposition efficiency was 
estimated to be higher than 60%. Blose (2005) also reported the deposition of 
a porous Ti-6AI-4V coating using helium as the driving gas at a temperature 
of 530°C. The coating porosity was 18%, but the deposition efficiency was as 
high as 86% (Blose, 2005). Therefore, it could be considered that the surface 
reactivity of Ti-6A1-4V particles also plays an important role in the formation 
of the porous Ti alloy coating. The oxygen content of the Ti-6A1-4V coating 
(0.57wt.%) was higher than that of the Ti-6A1-4V powder (0.42wt.%), while 
the nitrogen content is the same (0.003 wt.%) (Li et al., 2007a). These facts 
signify that reaction between the Ti-6AI1-4V powder and oxygen also occurred. 
It is also observed from Fig. 8.34b that at the local interfaces, metallurgical 
bonding was formed, as marked by the arrows. Therefore, the particles can 
adhere together with a small contact area without obvious plastic deformation 
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8.34 SEM microstructure of the as-deposited Ti-6AI-V coating in the 
etched state. 


(low particle velocity) because of the active surfaces. Further study showed 
that the limited metallurgical bonding provides the main strength of these 
Ti alloy coatings. Observation of the fractured surface morphologies of Ti 
and Ti-6AI1-4V coatings further proved this, as shown in Figures 8.35 and 
8.36, respectively (Li et al., 2007a). It was observed that at some interfaces 
between the deposited Ti particles, metallurgical bonding was formed, as 
indicated by the ductile fracture appearing as small dimples, marked by 
arrows in Fig. 8.35. However, due to the relatively high porosity of the Ti 
coating, the adhesive strength of the coating was about 15 MPa, despite the 
fact that the metallurgical bonding may have enhanced the coating cohesion. 
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8.35 SEM micrograph of fractured surface morphology of Ti coating. 
The arrows indicate the ductile fracture appearing as small dimples. 


For the Ti-6A1-4V coating, the melting zones can be clearly observed from 
the fractured surface, as indicated by the arrows in Fig. 8.36b. It is also 
clear that the deposited Ti-6A1-4V particles experienced little deformation. 
Therefore, the particles could adhere together with a small contact area. 
However, the strength of this porous Ti-6A1-4V coating was about 10 MPa, 
which is relatively low and similar to that (<15MPa) reported by Blose using 
helium as an accelerating gas (Blose, 2005). 

It has been mentioned that post-spray annealing treatment has a significant 
effect on the microstructure and properties of cold-sprayed coatings. This is 
expected to heal up the incomplete interfacial bonding and modify the inner 
particle structures in cold-sprayed Ti and its alloy coatings through post-spray 
heat treatment, and consequently improve the coating properties. Figure 8.37 
shows the microstructures of the annealed Ti and Ti-6AI-4V coatings (Li 
et al., 2007c). Through the examination of the cross-sections and fractured 
surface morphologies, it was found that a strong metallurgical bonding was 
formed for both coatings, with great improvement of tensile strength (Li et 
al., 2007c). These coating are promising for bio-medical applications. 

Titanium and its alloys have excellent corrosion resistance in the severe 
seawater environment and so have been widely used for the protection of 
steel structures. Figure 8.38 shows the corrosion potential of the as-sprayed 
Ti coating and pure Ti metal (TA2) in seawater (Wang et al., 2007). It can 
be seen that the steady open-circuit potential (OCP) of the as-sprayed Ti 
coating was near —-400 mV. However, the OCP of TA2 was more positive 


© Woodhead Publishing Limited, 2010 


Cold spraying of light alloys 285 


8.36 SEM micrographs of the fractured surface morphologies of 
Ti-6AI-4V coating. (b) is high magnification of (a). The arrows in (b) 
indicate the ductile fracture appearing as small dimples. 


and shifted in a wide range from 0 mV to —200 mV. There is a tendency for 
the OCP of TA2 to shift later to positive, indicating that surface passivation 
occurs. The OCP of the coating was more negative than the metal from 200 
mV to 300 mV. This could be attributed to the porous surface structure of 
the cold sprayed Ti coating, which leads to a more active surface than that 
of TA2 (Wang et al., 2007). 
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8.37 Microstructures of the annealed Ti (a,b) and Ti-6AI-4V (c,d) 
coatings. (a,c) SEM micrographs in the etched state; (b,d) Fractured 
surface morphologies. 
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8.38 Change of corrosion potential versus time for the as-sprayed Ti 
coating and TA2 in seawater (Wang et al., 2007). 


8.5 Surface modification of magnesium alloys by 
CS 


Magnesium is the lightest of all structural metals, 35% lighter than aluminium, 
78% lighter than steel, and it has exceptional stiffness and damping capacity 
(Yamauchi et al., 1991). As a constituent of many minerals, it represents 
about 2% of the mass of rocks, and 0.13% of seawater. Their lightweight 
characteristics and wide availability make magnesium alloys ideal for aircraft, 
car and light truck components. However, magnesium is a very active metal 
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electrochemically and is anodic to all other structural metals (see Chapter 1). 
Therefore, it must be protected against galvanic corrosion in mixed-metal 
systems because it will corrode preferentially when coupled with virtually any 
other metal in the presence of an electrolyte or corrosive medium (Gonzalez- 
Nunez et al., 1995). For example, many corrosion problems associated with 
magnesium helicopter components occur at the contact points between inserts 
or mating parts, where ferrous metals are located, creating galvanic couples. 
In addition, magnesium alloys are also very sensitive to surface damage 
due to impact, which occurs frequently during manufacture and/or overhaul 
and repair. Scratches from improper handling or tool marks can result in 
preferential corrosion sites, if the scratches penetrate the protective coating 
system down to the base metal. 

Surface alloying of Mg alloys with Al and Al-Si has been considered an 
effective approach to improve both corrosion and wear resistance through the 
formation of Mg/AI intermetallic compounds. Diffusion coating techniques 
are more used than conventional methods to produce alloyed surface layers 
containing a higher fraction of the Mg7Al1,. phase, which shows improved 
wear and corrosion resistance. However, in order to promote diffusion 
of Al into the Mg substrate, the diffusion coating has to be carried out at 
temperatures over 450°C (Liu et al., 2008). Such temperatures are too high 
to be of practical use because they result in surface melting and cracking. 
Spencer and Zhang (2009) have found that CS deposition of Al on AZ91 
Mg substrates and subsequent heat treatment at 400°C can produce a layer 
of Mg/AI intermetallic compound at the coating/substrate interface. This 
is considered a useful starting point because CS coatings can be produced 
quickly and are inexpensive. Figure 8.39 shows the cold-sprayed Al diffusion 
coating on an AZ91E substrate heat treated at 400°C for 20 h (Spencer and 
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8.39 Backscatter SEM image of a cold sprayed Al diffusion coating on 
an AZ91E substrate heat treated at 400°C (Spencer and Zhang, 2009). 
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Zhang, 2009). It can be seen that the intermetallic layers are continuous and 
have a uniform thickness. Two diffusion layers, Al;Mg, and Mg,7Al)2, with 
a small amount of solid solution Zn, were observed. The thickness of the 
Al3Mg, layer is about 150 um and the Mg 7Al)2 layer is 50 um. Figure 8.40 
shows an example of an AZ91 sample with an Al;Mg, coating compared 
with an AZ91E sample after 48 h immersion in a neutral 5% NaCl solution 
(Spencer and Zhang, 2009). The AZ91 sample shows extensive and deep 
pitting while the Al,;Mg, surface shows only minor discolouration from the 
salt. The good performance of the intermetallic layer suggests that it would 
perform well under real-use conditions. It has been suggested that continuous 
immersion or salt spray tests are overall conservative when compared with 
real conditions when predicting corrosion resistance of exposed parts in 
service in automobiles. 

Although few references could be found in the open literature dealing 
with cold spraying of Mg or its alloys, the CS process also has potentials 
in their fabrication and protection. But much work needs to be done in the 
future. 


8.6 Future trends 


As an emerging new coating process, cold spraying has proved to be able to 
deposit a great variety of materials including metal alloys, cermets and even 
ceramics. The low temperature features of the process make it suitable for 
depositing light alloys with high purity. Adhesive strength of CS coatings is 
comparable to that of conventional thermal spray coatings. This makes CS 
a promising practical process not only to deposit coatings but also to form 
near-net shapes of materials. 


8.40 AZ91E sample with Alz;Mg, coating on top (left) and AZ91E 
(right) after 48 h immersion test in 5% NaCl (Spencer and Zhang, 
2009). 
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With the progress of fundamental research, the CS process is expected 
to be applied to many industrial fields, such as aerospace and aeronautics, 
automotive, metallurgy, power plant, nuclear, electronics, biotechnology, 
defence, and chemical. There are also many other new application fields 
to be explored where the CS process may find new uses, such as brazing/ 
joining bond layers, and conductive polymers. 
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Abstract: Ion beam assisted deposited (IBAD) coatings offer corrosion 
protection comparable to that offered by many conversion coatings in mild 
corrosive environments. The wear resistance of these coatings is, however, 
far superior and is comparable to that of the hard coatings deposited on 
steel substrates. Furthermore, thick alumina coatings can electrically isolate 
magnesium components and thus minimize the risk of galvanic corrosion in 
complex assemblies. These coatings are still at the research and development 
stage. Duplex IBAD coatings can offer both wear and corrosion protection. 
Complex components can be treated in a relatively short time using an 
innovative Plasma Immersion Ion Implantation and Deposition (PIIID) 
technology. 


Key words: RIBAD, IBAD, PIIID, IBSD, magnesium, AMS0. 


9.1 Introduction 


There are many advantages offered by magnesium and its alloys due to their 
unique characteristics. The automotive industry has recently crossed the 
threshold from using magnesium in a protected environment (predominantly 
interior applications) to an unprotected exterior environment. Traditionally, 
magnesium applications have included interior components such as steering 
column brackets, instrument panels, seat frames, steering wheels, dashboards, 
and sunroof track assemblies. More recent applications extend magnesium’s 
domain to roof panels, hoods, rear deck lids, wheels, intake manifolds, cylinder 
head covers, oil pans, starters/alternators, and engine blocks. 

Considering its characteristic of low density, its extensive use in vehicles 
would obtain major reductions in weight and corresponding fuel savings. 
In fact it is estimated that the overall weight savings derived from the use 
of magnesium alloys without drastic changes in design, could be of around 
10%. In turn, this weight saving would lead to a fuel saving in the order 
of 20-30%. A new passenger car generates, on average, some 150 g/km of 
CO,. With magnesium technology, this value could be reduced to around 
100-120 g/km. Considering the large number of vehicles in use, this weight 
saving would lead to a significant reduction of carbon dioxide released to 
the atmosphere, reducing the impact on global warming, in agreement with 
the Kyoto treaty. 

One of the most important goals for the automotive industry of the near 
future is therefore to extend the use of Mg alloys to other bulky components 
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of the car, including external parts such as frames and panels (Friedrich and 
Schumann, 2002). 

The main technological disadvantages of magnesium with respect to 
competing materials in the automotive industry (mainly polymers and 
aluminium) are its poor corrosion and tribological properties. Parts such as 
wheels, which have an aesthetic function, would require hard and scratch- 
resistant undercoats for paint or lacquer finishes. On the other hand, for active 
components such as pistons, cylinder blocks, and turbine components, wear, 
erosion, and corrosion resistance are mandatory if magnesium alloys are to 
be used. In such situations, the corrosion and wear resistance requirements 
are to say the least, challenging (Skar et al., 2005, pp. 22-23). 


9.2 Surface engineering of magnesium alloys 


Surface engineering enables the modification of a material’s surface without 
drastically affecting the properties of its bulk. This emerging branch of 
engineering was defined by (Bell, 1992, p. 2380) as ... ‘the application of 
traditional and innovative surface technology to engineer components and 
material, in order to produce a composite material with properties unattainable 
in either the base or the surface material’. With these new techniques, it is 
possible to select a material for its bulk properties, and afterwards engineer 
its surface to achieve the required set of tribological properties (Morton, 
1992). 

Surface treatments are primarily applied to magnesium parts to improve 
their appearance and corrosion resistance (Avedesian and Barker, 1999, 
pp. 143-161). The type of surface treatment used is dependent on the 
service conditions, aesthetics, alloy composition, size, and the shape of the 
component to be treated. In the past couple of decades, a large number of 
surface treatments for magnesium and its alloys have emerged, but only a 
handful have actually achieved commercial importance. Those commonly 
used in industry are: (i) Oils and waxes; (ii) chemical-conversion coatings; 
(iii) anodized coatings; (iv) paints and powder coatings and (v) metallic 
plating. 


9.2.1 Chemical conversion treatments 


Chemical conversion treatments are, by far, the most common and diverse 
surface treatments for magnesium alloys. These treatments are used, either 
on their own, or as a surface preparation for subsequent coating. The bare 
magnesium surface is inherently alkaline. The surface must therefore be pre- 
treated to render it more compatible with paints and other organic coatings, 
and thus enhance coating adhesion. 

Due to their inherent porosity, the protection offered by stand-alone 
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conversion coatings is limited, but it is sufficient for safeguarding magnesium 
items during transport and storage. Conversion coatings are also used for 
the protection of components that operate in relatively mild conditions, such 
as housings for electronic components and parts for domestic appliances, 
intended for indoor use. 

The essential active ingredient in the vast majority of the chemical- 
conversion treatments of magnesium and its alloys is the hexavalent chromium 
ion, Cr°*. This substance has been found to be highly carcinogenic, and is an 
extremely deleterious contaminant for natural ecosystems. Much effort has 
been dedicated towards finding effective substitutes for chromate treatments. 
Several commercial phosphate treatments, and simple phosphate formulations, 
have emerged in recent years as paint bases for high purity die-cast alloys, 
such as the AZ91D, AMSOA, AM60B, and AS41B. However, regrettably, 
the original chromate treatments still offer superior corrosion protection as 
standalone coatings. This is particularly true for components used in severely 
corrosive environments and sand castings, intended for used in aerospace 
and military application (Avedesian and Barker, 1999, p. 145). 


9.2.2 Anodic treatments 


Anodic treatment, also known as anodizing, is conducted by applying a 
DC or an AC current to the component to be treated, which is immersed 
in the anodizing solution. During the process, the component’s surface is 
stimulated to react rapidly with the solution, resulting in the formation of 
an oxide-based coating, in various steps. A general discussion on anodizing 
of light alloys can be found in Chapter 4 of this book. 

The anodic coatings resulting from acid magnesium anodizing are mainly 
composed of magnesium oxide, chromate, fluoride, and phosphate. Anodic 
coatings or anodizing coatings on magnesium are difficult to dye as they are 
non-porous films. The anodic coatings formed on magnesium are strongly 
alkaline-resistant but only weakly resistant to acid and neutral salt media 
because of the nature of magnesium and its compounds. On the positive 
side, the coatings provide a fair adhesive base for subsequent painting. 
Although they are harder than the substrate magnesium metal, anodic 
coatings on magnesium alloys are softer and have lower wear resistance 
than those obtained on aluminium alloys. One possible way to address the 
above limitation is plasma electrolytic oxidation (see Chapter 6) 


9.2.3 Electroplating and organic coatings 


Magnesium alloys can be electroplated by many commercial plating systems, 
provided proper pre-plating operations are conducted. However, the only 
metals that can be plated directly on magnesium are zinc and nickel. Zinc and 
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nickel under-coats serve as surface preparation for cadmium, copper, brass, 
nickel, chromium, gold, silver, and rhodium coatings. With the exception 
of gold plating, metal coatings have found little commercial applications. 
This is because they offer limited protection against wear and corrosion, and 
also because of the high processing costs. Gold plating is still used in space 
applications because of its extreme stability in all operating environments, 
resistance to tarnish and radiation, high superficial electrical conductivity, 
low infrared emissivity, and resistance to cold welding in high vacuum. Metal 
plated wrought alloys give better and more reproducible corrosion resistance 
than metal plated cast alloys. This has been attributed to the surface porosity 
and inclusions found in cast alloys (Avedesian and Barker, 1999, p. 157). 

Organic coatings are also used on magnesium alloys to provide corrosion 
protection and for decoration. Organic finish paints range from single coats 
applied, on a phosphate or a chromate treatment, to complex multicoat™ 
systems involving anodizing, epoxy surface sealing, priming, and one or 
more topcoats. Surface sealing with epoxy resin was developed, as a first 
step in the finishing of castings for the aerospace and military applications. 
This sealing is an important step to increase the corrosion performance of the 
complex finishing systems required in aggressive environments (Avedesian 
and Barker, 1999, p. 159). 


9.2.4 Conventional physical vapour deposition 
techniques 


Heightened environmental concerns in recent years have made plasma 
processes increasingly important in the surface engineering of magnesium 
alloys. Physical vapour deposition (PVD) involves the atomization of a 
condensable material by the application of heat, energetic beam, or electric 
arc in a vacuum chamber. The vaporized material is allowed to condense 
onto the substrate under accurately controlled conditions. PVD processes 
generally require very high vacuum conditions and a substrate temperature 
ranging from 200-550°C. The range of metals that can be deposited by PVD 
is limited only by their compatibility with the substrate. A reactive gas or 
a combination of gases can be leaked into the chamber during deposition 
to react with the condensable material to generated compound coatings 
such as TiN, CrN, and TiCN coatings. Using multiple vapour sources it is 
also possible to deposit complex or layered coatings with specific physical, 
electrical, or magnetic properties. Controlling the pressure inside the chamber 
is very important as it has a significant effect on coating integrity; thus the 
deposition of compound coatings is much more difficult to control. 

As their name implies, PVDs are not thermodynamically driven processes 
and can therefore operate at relatively low temperatures. Coating composition 
and structure are almost entirely controlled by ‘surface effects’. This 
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allows for a great deal of flexibility but also introduces a number of serious 
limitations. The most notorious of these limitations are the ‘line-of-sight’ 
and the adatom limited lateral mobility. The line-of-sight problem limits 
the complexity of the substrate that can be uniformly coated and introduces 
the need for complex and expensive sample manipulators. Together with 
the reduced adatom lateral mobility, it is also responsible for the formation 
of pinholes in the growing film and impaired coating densification at low 
operating temperatures. This is clearly a problem if such coatings are to 
be applied on magnesium and aluminium alloys, many of which cannot be 
exposed to temperature above 150°C for prolonged periods of time. If not 
properly controlled, this eventually leads to the building up of large tensile 
stresses on the coating surface, resulting in adhesion failure. Furthermore, 
these porous coatings have inferior mechanical properties and provide little 
corrosion protection, and in many cases actively contribute to aggravate the 
corrosion problem of light alloys. 


9.3 lon beam assisted deposition (IBAD) and 
reactive ion beam assisted deposition (RIBAD) 


Ion beam assisted deposition (IBAD), also referred to by some scientists as ion 
beam enhanced deposition (IBED), is a combination of two surface treatment 
processes, namely, vacuum deposition and ion implantation (Klingenberg et 
al., 2002, pp. 164-169). The deposition process is usually accountable for 
the material build-up, while the ion flux imparts the kinetic energy required 
to achieve adhesion and the required coating properties (Deutchman and 
Partyka, 2002). If a reactive gas is used to feed the ion source, the process 
is referred to as Reactive Ion Beam Assisted Deposition or RIBAD for short. 
The kinetic energy imparted by the ion beam activates a number of processes 
on the surface of the growing film. Surface atoms are displaced, enhancing 
migration of atoms along the surface and thereby increasing the coating 
density, even at low deposition temperatures. The ion beam also provides 
the required stitching (ion beam mixing) of the coating to the substrate at a 
low temperature (Itoh, 1989, pp. 170-179), making this process applicable 
to a wide range of materials (Bradley et al., 1986; Friedrich and Urbassek, 
2003; Hydro Magnesium, 2005). Furthermore, accurate tuning of the ion to 
condensable flux ratio (I/C), enables the control of coating stoichiometry, 
structure, and residual stresses (Anders, 2000, pp. 177-209). 

The main difference between the IBAD deposition technique and other 
ion-assisted deposition processes is that, in the former, the energetic ion 
source and the condensable material flux source are separated into two 
distinct devices. Thus, in IBAD, these two parameters can be controlled 
independently. In comparison, other plasma-based deposition techniques such 
as DC and RF magnetron sputtering, and other Plasma Enhanced Physical 
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Vapour Deposition (PEPVD) techniques do not allow this flexibility. This 
is because, in these technologies, the condensable material and ion fluxes 
are extracted from the same plasma source. This feature gives the IBAD 
process more control over the deposition parameters, when compared to other 
deposition processes (Emmerich et al., 1992b). Another important difference 
is the operating pressure. Plasma assisted coatings usually operate between 
0.1 — 1300 Pa, which is the pressure required to sustain a plasma. In contrast, 
IBAD techniques usually operate in high vacuum, between 1 x 10~° and 1 
x 10° mbar. The need to operate at such a low pressure is mainly due to 
physical limitations of the hardware and mean free path restrictions (Mandl 
et al., 1996, pp. 252-254). As IBAD techniques operate in the collision- 
free pressure regime, the evaporant and the ion beam travel in straight lines 
(line-of-sight) to the substrate. This is a serious limitation of the traditional 
IBAD process, which restricts the complexity of the parts that can be treated. 
However, a newly emerging ion implantation technology, namely Plasma 
Immersion Ion Implantation and Deposition (PHID) is likely to solve this 
and a number of other problems encounter in IBAD, and elevate this process 
to the same level of industrial importance as anodizing. 

There are two principal ways to carry out the IBAD process — the coating 
can be deposited under simultaneous or alternating ion bombardment. In 
the first case, low energy ion sources with no mass separation are used, 
such as the broad-beam Kaufman type. In the second case, a higher energy 
is required, depending on the thickness deposited between each irradiation 
interval (Fig. 9.1). The increment in thickness on each successive pass is, 
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usually a few tens of nanometers. In both cases, the typical energy range 
used for IBAD/RIBAD is 100 eV — 30 KeV. When higher energies are used, 
decomposition of the deposited compounds occurs and the coating structure 
is damaged. This is particularly the case in the RIBAD process (Emmerich 
et al., 1992a), where the ion beam species form solid compounds with the 
incoming vapour particles (condensable material). Figure 9.2a illustrates an 
IBAD/RIBAD deposition process in which a solid is vaporized thermally 
and condenses onto the substrates, which is stationary, while in Fig. 9.2b 
the substrate is being manipulated to minimize the line-of-sight problem. 


9.3.1 lon beam sputter deposition (IBSD) 


If the source of condensable material is obtained by ion beam sputtering of 
atoms from a target, the process is known as ion beam sputter deposition 
(IBSD). Figure 9.3a, shows a single-ion source setup, while Fig. 9.3b 
shows a two-ion source configuration. To compensate for the extremely 
low deposition rates, sputtering deposition requires an ultra-high vacuum, to 
limit coating contamination from the residual gas. The high kinetic energies 
of the adatoms (10—300eV) in IBSD impart excellent adhesion and coating 
densification, resulting in superior wear and corrosion protection, (Valvoda, 
1998 pp. 61-65). These high kinetic energies allow deposition of dense 
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and hard coatings at temperatures lower than any other physical deposition 
process (Wasa and Hayakawa, 1992, pp. 65-78). 

Clearly, the two-ion source configuration offers greater flexibility and 
control over coating structure and stoichiometry (Ingat ef al., 2004, pp. 
124-134). Then again, multiple evaporation and ion sources may be required 
for the synthesis of compound coatings in the the IBAD/RIBAD processes. A 
configuration of two separately-controlled ion sources has achieved a relative 
degree of success in the United States. One institution using this system in 
the early 1980s was the US Naval Research Laboratory, which developed 
a series of processes suitable for high-temperature aerospace applications 
(Emmerich et al., 1992a). 

The most important process parameters, for the IBAD, IBSD, and RIBAD 
processes are the impinging fluxes of ions and neutrals ratios, base and 
operating pressure, the ion energies, and the substrate temperature (Ensinger 
et al., 1992; Zhou and Wadley, 1999, pp. 42-57). These parameters 
determine the film stoichiometry, physical structure, and growth rate. 
Within the limits of the available hardware, these parameters are usually 
easily controllable. 
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9.4 Effects of ion bombardment 
9.4.1 Effect of ion bombardment on film structure 


The physical properties of thin films are most strongly related to their 
morphology. Thermal and electrical conductivity, permeability, colour, 
toughness, and hardness properties are all very much dependent on 
morphology, and to a lesser extent on the chemistry of the coating. Ion 
beam bombardment has a profound effect on the structure of deposited 
films, at low and medium substrate temperatures. It is therefore reasonable 
to expect that ion bombardment will also influence the physical properties 
of the coatings produced by such processes. Ion bombardment enhances the 
lateral mobility of adatoms, and as a result, has a strong influence on coating 
density. The increased coating density, in turn, modifies the internal stresses 
and the mechanical properties of the resulting coating. 

Miller (1978, pp. 1796-1799) showed that the internal stresses of a film 
are directly related to its density. He demonstrated that tensile stresses will 
be set up across the voids, if the deposited structure contains voids and has a 
lower than theoretical density. Conversely, if the bulk density of the coating 
is higher than the theoretical value, compressive stresses will result. Density 
and stress can therefore be qualitatively correlated to ion bombardment. This 
reasoning is only applicable to processes conducted at a substrate temperature 
represented by the structure—zones diagram, as pertaining to Zones | and T, 
Fig. 9.4b. 

With increasing ion bombardment, the film becomes more compacted 
and its density increases. At the same time, the tensile stresses are reduced, 
up to a point where they are completely neutralized, as the coating density 
reaches the nominal density stage, C in Fig. 9.4. If the ion beam intensity 
is too high, the excess particles implanted into the solid bulk create self 
interstitials and interstitial defects in the coating. This will eventually result 
in coating densities that are higher than nominal (p,). If the concentration of 
defects is further increased, the strain energy induced becomes high enough 
to induce plastic deformation of the substrate, or the coating may peel off the 
substrate surface in order to relieve the internal stresses. Metal films cannot 
exceed the theoretical density because of their atom mobility. Conversely, 
covalently bonded coatings can substantially exceed the theoretical density, 
giving rise to metastable structures stabilized by chemical bonds. 

Region C of Fig. 9.4 is of particular interest for practical applications, as 
the internal stresses of the coatings produced in this regime are at a minimum. 
This is usually referred to as the ‘stress’ annealing regime. Brighton and 
Hubler (1978, pp. 527-533) postulated that in Region C each of the atoms 
in the growing film is involved, at least once, in a collision cascade. 

The formation of high compressive stresses, as the coating grows, might 
promote the formation of dense metastable phases. Probably the most typical 
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9.4 Effect of ion bombardment on density and internal stress. 


example of this is the deposition of amorphous carbon. Ion bombardment 
induced stresses have been shown to result in the formation of a significant 
percentage of sp* bonds in the final coating, resulting in a significant increase 
in hardness and wear resistance (Anders, 2000, pp. 193-194). The graphite and 
diamond phases are separated by the Berman—Simon line. At sufficiently high 
pressure, diamond, rather than graphite, becomes the thermodynamically stable 
phase (Yin and McKenzie, 1996, pp. 95-100). Using the IBAD deposition 
process, it is then possible to deposit coatings with various percentages of 
sp’ coordination (Gago et al., 2000, pp. 8174-8180). 

Since ion beams travel in straight lines, the angle at which they collide 
with the surface is not changed for the whole duration of the deposition 
process. Thin films deposited under ion bombardment, therefore, tend to 
exhibit preferential crystal orientation or texture. Using experimental data 
from various authors, Bradley et al. (1986, pp. 4160-4164) developed a model 
that describes the growth of thin film with texture, under the influence of 
ion bombardment. To minimize the shadowing effect, complex components 
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require extensive manipulation during the deposition process. This results 
in lengthier processing time and requires a greater capital expenditure. 


9.4.2  Sputter cleaning of the magnesium substrate 


The first step in any coating process is surface preparation of the substrate. 
In practically all PVD processes, substrate cleanliness is crucial for coating 
adhesion. Substrates are usually subjected to a number of cleaning steps 
before they are introduced into the deposition chamber. Metals substrates 
tend to absorb significant quantities of water vapour and oxygen; therefore, 
the final cleaning procedure for such substrates is usually conducted in situ, 
just before deposition is started. This involves bombardment of the surface 
of the substrate with high energy ions in order to sputter-clean the surface. 
This is particularly so for magnesium alloys, whose superficial oxide film 
is weakly adherent. Ion beam sputtering polycrystalline magnesium alloy 
substrate can lead to extensive roughening of the substrate surface leading 
to poor coating performance. 

Pre-sputtering an AM50 magnesium substrate surface and its effect on 
the the performance of 0.5 um Al,O3 coatings on dry sliding is illustrated 
in Fig. 9.5. This investigation revealed that pre-sputtering for 10—20 minutes 
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results in a very rapid increase in coating endurance because the weak oxide 
film is cleaned and the generation of a large number of point defects on 
the specimen’s surface later act as nucleation sites supporting film growth. 
An increase in pre-sputtering time leads to a marked reduction in coating 
properties, reaching a minimum at 75 minutes of pre-sputtering. This is 
believed to be due to the preferential sputtering resulting in induced surface 
roughening. It was observed that the material at the grain boundaries sputtered 
preferentially, leaving relatively deep cracks in the substrate surface (Fig. 
9.5). 

The mechanisms leading to the formation of surface roughness were 
investigated by Friedrich and Urbassek (2003, pp. 315-323), who used a 
series of molecular dynamic simulations to investigate the effect of the 
presence of ledges and interfacial defects on the sputtering yield. Amongst 
their findings, these investigators reported that at room temperature, the 
sputtering yield of metals irradiated with particles having energies in the KeV 
range and impinging at sharp angles, is significantly higher in the vicinity 
of interfacial defects, further increasing the surface roughness. This result 
is consistent with the findings reported above. 

To understand the reason why the material at the grain boundaries is being 
sputtered at a much faster rate than the material in the central region of the 
grain, one has to consider the structural and chemical differences between 
these two regions. The most obvious difference is that at the grain boundary 
there are more atomic vacant sites, resulting in a less ordered crystal structure 
and weaker bonding. The difference in chemical composition between the 
core and the grain boundaries is even more important. This is particularly 
the case in the Mg-Mn-Al magnesium alloy system referred to as the AM 
series. In this series of magnesium alloys, segregation of the heavy elements 
Mn and Fe is brought about by the preferential growth of the Mn-Al-Fe, 
along the grain boundaries. 

Research conducted at Hydro Magnesium (Hydro Magnesium, 2005, pp. 
1-12) showed that in the case of AMS50, as well as other Mg-Al-Mn alloys, 
corrosion starts at the Mg rich areas, which are at the centre of the grains, 
and then it propagates to the grain boundaries in the form of pits where it 
is stopped by the Al rich phase, situated along the grain boundaries. Data 
published by the above-mentioned company shows that in AMS0 alloys, these 
precipitates contain Fe and Mn atoms, in the form of complex aluminates at 
the grain boundaries. These intermetallic compounds, AIMn,Fe,, have a cubic 
structure and contain 15-35% Fe (55.84 amu) and 15-35% Mn (54.94 amu). 
The presence of such a high concentration of heavy elements in a light metal 
matrix gives rise to a process known as yield amplification during sputtering. 
Sputter yield amplification was described by Berg and Katardjiev (1999, pp. 
1916-1925) as a process which takes place when thermodynamic processes 
are suppressed because of the low processing temperature. 
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Heavy elements, because of their large atomic mass, absorb considerable 
kinetic energy from the relatively smaller impinging ions. This kinetic energy 
is subsequently dissipated in the surface atomic layers. When this energy 
is transmitted to the nearby Al (26.98 amu) or Mg (24.31 amu) atoms, they 
acquire enough kinetic energy to enter the vapour phase and are, hence, 
sputtered. This is confirmed by simulation and experimental data published 
by the International Nuclear Data Committee at the 13th meeting of the A+M 
Data Centres and ALADDIN Networks (Botero, 1995). In this session, it was 
shown that when a solid is irradiated with a high energy ion beam, there is 
a strong relation between the sputtering yield and the impact cross-section 
of the particles. 

Accelerated sputtering takes place only in regions rich in Fe and Mn, 
which have higher impact cross-section, resulting in the roughening of the 
surface. The loss of Al and Mg leads to precipitates containing more Fe and 
Mn, rendering the substrate more susceptible to galvanic corrosion. Berg and 
Katardjiev (1999, pp. 1916-1925) explain how a few percentage impurity 
content of atoms that are significantly heavier than those of the host, lead 
to an increase in sputtering rate; up to two orders of magnitude higher than 
that of the pure substance. 

In Fig. 9.5 it can be seen that following pre-implantation for 150 minutes, 
most of the Mn-Fe precipitates on the surface, protrude out of the coating, with 
much of the surface in their vicinity heavily eroded. Also, the microstructure 
of the surface is clearly visible, with the grain boundary regions preferentially 
sputtered. The presence of Al rich phase on the substrate surface was confirmed 
by XRD analysis. The Fe and Mn rich phase, AlIMn,Fe,, appears as dark 
coagulates on the surface. The sputtered Al and Mg generate sharp voids, 
which can be seen in Fig. 9.6. As the sputtering time exceeds 90 min, the 
sharp edges become rounded, rendering, the void less damaging; thus the 
minor improvement in coating endurance, Fig. 9.5. 
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9.6 Deep cracks at the grain boundaries of the substrate surface 
exposed after alumina coating is worn in the wear track. 
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9.5 RIBAD deposition of titanium nitride (TiN) on 
magnesium alloys 


TiN has been deposited on AMS5O magnesium alloy substrates using the 
incremental deposition technique. Various layers of 0.1 um Ti were deposited 
and post-implanted with 45 KeV N* at room temperature. During each 
deposition cycle, residual molecules inside the chamber were incorporated 
in the growing film, such that each layer contained a substantial quantity of 
nitrogen and oxygen molecules, even prior to post-implantation. This can be 
clearly seen in Fig. 9.7, which illustrates an X-ray diffraction measurement 
taken on a RIBAD titanium layer, prior to post-implantation. This diffractograph 
shows peaks of TiNo 2 and titanium oxide. 

The mechanical properties of the coatings change with post-implantation 
time. Figure 9.8 illustrates the change in coating hardness and wear rate with 
post-implantation times ranging between 40 minutes (2.7 x 10!°N*cm””) and 
840 minutes (5.7 x 10'’N*cm’”). The substrate temperature was maintained 
at 25°C throughout the deposition process. From this graph it can be seen 
that with the deposition parameters used, the optimum post-implantation time 
is 220 minutes. The corresponding hardness is 26.8 GPa and the resultant 
wear rate is at its lowest value of 2.51 x 107!? mm3Nml. 

The effect of post-implantation dose on the TiN coating structure can be 
easily visualized by conducting a series of Scanning (electron) Tunnelling 
Microscopy (STM) scans. Figure 9.9 (on page 310) shows a series of scans 
conducted on TiN coatings with increasing nitrogen ion implanted dose (2.7 x 
10'° N*cm™ — 4.08 x 10!’ N*cm””). Despite the low deposition temperature, 
the structure of all coatings is dense and is composed of equiaxed grains of 
various sizes. 

Extending the post-implantation time results in a very rapid increase 
in hardness, reaching a maximum at a post-implantation dose of 8.1 x 
10'°N*cm””, as indicated from Fig. 9.8. This increase in hardness results from 
the recrystalization of the coating surface. Increasing the post-implantation 
dose from 8.1 x 10!°N*cm™ to 1.62 x 10!’N*cm”’, gives rise to a gradual 
increase in grain size and a corresponding reduction in hardness. The nitrogen 
content of the surface, measured by EDX, did not exceed 54 at%. When the 
nitrogen content exceeded 52 at%, the coatings experienced blistering after 
several months of storage at room temperature, implying that the nitrogen 
composition in the sub-surface could be much higher, a feature typical of 
ion implantation. 

The sputtering yield of nitrogen in samples having nitrogen contents 
higher than the stoichiometric composition, is much higher than that of 
titanium. Thus, much of the excess nitrogen in the near surface region is 
re-emitted into the vacuum. Schneider et al. (1997, pp. 1084-1088) has 
reported a similar behaviour for the reactive sputter deposition of alumina 
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9.7 X-ray diffraction from RIBAD TiN with no post-implantation. 
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9.8 Effect of post-implantation time on the surface hardness and 
wear resistance of RIBAD TiN coatings. 


under oxygen bombardment. Fu et al. (1997) also investigated the effect of 
ion beam energy on the grain size, hardness and wear resistance of RIBAD 
TiN. They reported increased grain size, and a progressive decrease in 
hardness, with increasing ion beam energy. They also observed a gradual 
reduction in wear resistance with increasing ion beam energy. These results 
concord with the findings reported by the author. 

Shin et al. (2002, pp. 807-812) also observed grain growth of RIBAD 
deposited TiN from 10-100 nm, as the ion beam energy was increased 
from 0 to 200eV. Fukumoto et al. (1999, pp. 205-209) have implanted N* 
in pure titanium substrates using a 150 KeV ion beam. They also reported 
TiN grain growth with increasing N* dose. However, the actual sizes of the 
TiN precipitates in this case were not reported. 


9.6 Sliding wear and aqueous corrosion of Mg 
alloys 


The poor tribological properties of magnesium and, in particular, its poor 
corrosion resistance, are the main reasons for the decline in the use of 
magnesium alloys in the automobile industry experienced in the 1970s. Strict 
legislations, such as Corporate Average Fuel Economy (CAFE), Directive 
70/220/EEC (light vehicles) and 88/77/EC (heavy vehicles), as well as recent 
amendments to those directives, have proven to be a sufficient incentive for 
the revival of magnesium and its alloys in the automotive industry. Despite 


© Woodhead Publishing Limited, 2010 


OLog ‘paywir Bulysiiqng peeypoom © 


€ ForwardScan E ForwardScan 
3 a 
Lo o 
l £ 
Cc c 
st lee) 
~~ © Beam 
N s+ 
£ io 
a =) 
C) C) 
N N 
€ 7 
c 
°0nm 560nm 
2.7 x eee 8.1 x 10'Ntcm? 1.08 x 10’7Ntcm~* 
Beam 
£ ForwardScan E or] E ForwardScan 
3 g a 
a2) Lo 
£ £ 
& = 
og Beam aw Beam 
$ ie —_——- 
=} =) 
= =, 
a =) 
G) ° 
N N 
£ £ S 
c Cc c 
J °0nm 562nm SO0nm x* 559nm 
3.1 x 10'7Ntem? 1.86 x ee 1.62 x 10'7N*cm? 


9.9 Effect of N* lon implantation dose on RIBAD Ti micro structure 2.7 x 107® N*cm7? - 3.1 x 1077 Ntcm-? 


Zoutput: 7.38nm 


Zoutput: 16.1nm 


OLE 


sAoye 1Yybl| 4o Buseulbue soeLINs 


Physical vapour deposition of magnesium alloys 311 


the considerable improvement in the corrosion resistance of modern, high- 
purity magnesium alloys, the galvanic corrosion problem can be solved only 
by proper coating systems. Nevertheless, defects in a coating deposited on 
a magnesium substrate would result in enhanced localized attack. 

This was pointed out by Blawert et al. (2004, pp. 397-408) in an extensive 
report on the trends for use of Mg in the automotive industry. Gadow et 
al. (2000) also stated that the intrinsic poor tribological behaviour is the 
only impediment for the wider use of magnesium base alloys in a range of 
domestic applications. Further evidence to this is provided by Hoche et al. 
(2003, pp. 1018-1023), who indicated that the poor corrosion resistance, low 
capacity for strengthening, poor ductility and, especially, the unsatisfactory 
wear behaviour of magnesium and its alloys are the main reasons why they 
are used only for static (passive) components. 


9.6.1 Wear resistance of coated AM50 substrates 


The wear rate of the various 1m thick coatings on AM50 magnesium 
substrates is compared in Fig. 9.10. The vertical axis of this graph is the log 
of the coating material volume worn away, divided by the sliding distance 
and the applied normal load. Thus for a specific coating, the deeper its 
corresponding inverted rectangle is in Fig. 9.10, the more resistant this coating 
is to wear, under the specific testing conditions. The coatings discussed in 
this chapter are described in Table 9.1. 
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9.10 Wear resistance of various coatings, subjected to the pin-on-disc 
test. 
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Table 9.1 Coatings under investigation 


CLE 


Coatings IBSD Al,O3  IBSD TixOy Al AM50_ IBSDC RIBAD TixOy PVD TiN Con Al,03 IBAD Al,03 IBSD W_IBAD TiN 

Thickness (um) 1 0.98 na na 0.86 1.02 5.3 0.84 +1 1.12 1 1.08 

Deposition IBSD IBSD na na IBSD  RIBAD/Step PVD EB/IBAD EB/IBAD IBSD EB/RIBAD 
technology 

Deposition 20 20 na na 20 50 300 20 20 20 50 
temperature 
(°C) 

Substrate AM50 AM50 Pure Al AM50 AM50 AM50 AM50 AM50 AM50 AM50 AM50 
Material 

lon Beam Ar O, na na Ar Oz Np» Ar Ar Ar No 

Backfill Gas none none na na none none N2+Ar none none none No 
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As can be seen from the chart, ion beam sputtered aluminium oxide, 
titanium oxide and carbon coatings have very high wear rates compared with 
those of sputtered W and ion beam assisted deposition coatings. Also, from 
the same figure, it can be concluded that by far the best performing coating 
is RIBAD TIN, resulting in a wear factor of 2.51 x 107!’mm?N7'm!. This 
is followed by IBAD alumina (I/C 0.3) which resulted in a wear factor of 8 
x 10° mm?N'm7!. The far right pyramid, in this chart, represents the wear 
rate of 1 um sputtered carbon on top of a 5 um IBAD alumina (I/C = 0.3) 
coating. This composite coating wears at a rate of 2.8 x 10-7 mm3N"'m‘l, 
and shows, therefore, an improvement over that of IBAD alumina on its 
own. 

All the coatings in Fig. 9.10, were deposited at 25°C in the same deposition 
chamber which could attain a base pressure of 0.2 Pa. The wear factor of 
the base material is not included as it is not possible to represent it using 
this scale. The poor performance of all the ion beam sputter deposition 
(IBSD) coatings can be attributed to the high residual gas pressure combined 
with the extremely low deposition rate, and is not an intrinsic property of 
IBSD coatings. The high partial pressure results in a continuous build-up of 
physisorbed gas molecules on the substrate surface, which hinder coalescence 
of the growing coating island, leading to a high concentration of nanometric 
voids inside the coating. This results in much lower hardness and density as 
compared to the theoretical value for the respective coating material. The only 
exception is the sputter deposition of W, which has a very high hardness, 
even through the coating density is only 0.8 of the theoretical value. This 
is believed to be due to the difference in mass between the residual gas 
molecules, 195 (HO (18 amu), O, (32 amu), and nitrogen (28 amu)) and that 
of W (184 amu). As a result, W particles lose little kinetic energy during 
binary collisions with residual gas particles on the surface. Konczos et al. 
(1998, Chapter 5), in their discussion of the effect of residual gas pressure 
in deposition systems, mention the effects of adsorbed gases on the growing 
film surface. They affirm that at room temperature, residual reactive gases 
occupy the reactive sites of the substrate surface and ‘act as a source of 
mechanical stresses to pin grain boundaries and vacancies’. In turn, this 
results in poorly adherent films, which are either amorphous or have very 
small grains. At higher temperatures, according to Konczos et al. (1998), 
the incorporated gases give rise to mechanical stresses in the coatings, and 
significantly modify both their electrical and optical properties. 

Despite the high residual gas pressure and the low deposition rate used, 
the coating adhesion and wear resistance reported by Ignatenko ef al. (2005, 
pp. 148-151), are significantly better than those of RIBAD TiN deposited 
by Lloyd and Nakahara (1977, pp. 655-659). on the same substrates. At 
first sight, Ignatenko’s results appear also to be in contrast with the results 
obtained by the author, in which the deposition by IBSD of TiN resulted 
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in a loosely bound mixture of titanium oxides with exceedingly poor 
mechanical properties (Fig. 9.10). Still, this difference originates mainly 
from the difference in the operating parameters used. While in the first 
case the substrate temperature was not allowed to exceed 30°C and no 
substrate bias was used, Ignatenko et al. applied a deposition temperature 
of 500°C and a substrate bias of —200V. This is believed to be responsible 
for the considerable improvement in the coating hardness and adhesion to 
such an extent that it actually outperformed the RIBAD TiN deposited by 
Lloyd and Nakahara using similar conditions. Unfortunately magnesium 
substrates cannot be treated at such a high temperature as this results in the 
sublimation of magnesium. Petrov et al. (2003) showed that low density 
coatings result when metal films are deposited with an impurity arrival rate 
much higher than that of the metal itself. They also stated that, for alumina 
deposited under these conditions, adequate mechanical properties cannot 
be achieved at deposition temperatures lower than 500°C in the case of ion 
beam bombardment, and 800°C when no ion beam irradiation is applied. 
The findings of the author’s investigation concur with the findings of Petrov 
et al. (2003), whose conclusions are based on experimental data gathered 
from work carried out by a number of researchers over several decades. Thus 
for the successful application of IBSD coatings on magnesium substrates 
(below 500°C), the condensable flux ratio must be considerably higher than 
the residual gas molecule impingement rate. This can be achieved by using 
very high sputtering rates (i.e. using very high ion beam currents), and using 
very low deposition pressures < 1 x 10~° Pa. 

Magnesium oxide present on the substrate is a weak link in the coating 
system, and is thought to be responsible for poor coating adhesion. Busk 
(1986, pp. S497—S499) describes this oxide as unstable, due to a misfit 
between the lattices of the cubic oxide and that of the hexagonal metal, 
resulting in a Pilling—Bedworth factor of less than one. In addition, when 
exposed to humid atmospheres, magnesium oxide reacts to form hydroxide, 
further compromising adhesion. While investigating plasma surface treatment 
of magnesium alloys, Hoche et al. (2003, pp. 1018-1023) demonstrated 
that the presence of magnesium oxide at the interface of a hard coating is 
detrimental for the coating hardness and adhesion. They suggest that the weak 
bond of the MgO with the parent metal inhibits the formation of compressive 
stresses in hard coatings deposited on top of the MgO, resulting in lower 
hardness and adhesion and therefore poor tribological properties. Kurth et 
al. (2006, pp. 931-940) investigated the oxide formation on magnesium at 
reduced pressures and low temperatures (0O—200°C). In their paper they report 
that previous attempts to grow thicker MgO layers at elevated temperature 
invariably resulted in cracks in the oxide film, consequently leading to 
poor adhesion and poor corrosion protection. In contrast, work conducted 
by Stippich et al. (1998, pp. 29-35) has shown that magnesium oxide can 
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be grown, under controlled conditions, to form a protective layer. In their 
work they explain that IBAD deposited MgO, using 5-15 KeV Ar* and an 
I/C of 0.2, can generate a range of useful crystal structures that can offer 
moderate corrosion protection on their own but, more importantly, can 
be used to provide support for better protective surface layers. This was 
amply demonstrated by Hoche ef al. (2005c, pp. 223-229) who reported 
the performance of three coating systems for magnesium substrates, namely 
9um CrN, 2.1m TiN and 0.5um MgO + 3um AI,O3. In their new setup, 
they used an RF magnetron source to sputter the condensable material while 
feeding the reactive gas at very low pressure. The hardnesses of the TiN and 
Al,O3; coatings deposited with this method were 42.86GPa, and 22.07GPa, 
respectively, which are surprisingly high. 


9.6.2 Corrosion resistance of coated AM50 substrates 


The free corrosion current density and the corrosion potential with respect to 
the standard hydrogen electrode (SHE), of the various coated AM50 samples 
considered above, are plotted in Fig. 9.11 for comparison. From this chart, 
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9.11 Free corrosion potential (right) and free corrosion current 
density (left) of AM50 substrates coated with 1 um of various 
coatings, in 5% NaCl solution at 20°C, after 20 min immersion 
holding time. 
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it is clear that IBSD Al,O3 and Ti,Oy offer the best corrosion protection, 
followed closely by the IBSD C deposited on IBAD A1,0; composite coating. 
The worst corrosion protection is that offered by RIBAD TIN. Sputter 
deposited W and C show somewhat similar behaviour to that of RIBAD 
TiN. From this chart, it is evident that these coatings have a negative effect 
on the corrosion properties of the underlying AM50 magnesium alloy. Thus, 
compared to the uncoated AMS50 and pure aluminium substrates (which are 
included for reference), most of the coated surfaces result in a higher free 
corrosion current density. The excellent performance of IBSD coatings in 
corrosion protection is attributable to their low bulk defect density. 

In a similar investigation, Hoche et al. (2005ab, pp. 559-567, 623-631) 
concluded that a high defect concentration, particularly in the case of 
conducting coatings, has a negative effect on the integrity of magnesium 
alloys exposed to corrosive environments. This is also in accordance with 
the results reported by Ignatenko et al. (2005, pp. 148-151) who attribute the 
improved corrosion resistance of IBSD coated magnesium alloys, compared 
to IBAD coatings deposited on the same substrates, to the higher electrical 
resistance of the former coatings and relatively low defect concentration. 

According to Petrov et al. (2003), the deposition of PVD Ti at room 
temperature (zone | of the SZM) tends to form a fine fibre texture in which 
growth along the length of the fibre is more dominant than nucleation. This 
results in the formation of a porous coating. The researchers have also 
demonstrated that the deposition of metals with an impurity arrival rate 
much greater than that of the metal flux results in severely limited adatom 
mobility, lack of texture and absence of bulk porosity. This does not mean 
that there is no porosity, but in this case it is distributed in fine nanometric 
pores across the whole matrix, with no interconnectivity. 

These results would explain the wide difference in corrosion performance 
between RIBAD TiN and IBSD coatings experienced in the former 
investigation. In the case of RIBAD TIN, Ti atoms are evaporated by means 
of an electron beam gun at room temperature. For each deposition cycle, the 
arrival rate of Ti could be adjusted to minimize the effect of contamination. 
This, according to Petrov et al. (2003) results in fine grained coatings with 
high porosity, which appears to explain the poor corrosion characteristics 
experienced. On the other hand, in the case of the IBSD coatings, the metal/ 
impurity arrival rate was severely limited by the maximum ion beam current 
limiting the metal flux to 9 x 10!° atoms per square centimetre each second. 
This is very low, compared with the arrival rate of the impurity particles. 
The high impurity concentration in the growing film is responsible for the 
disruption of texture, and also for the absence of bulk porosity (porosity 
large enough to expose the substrate surface), which in turn promotes good 
corrosion performance in these coatings. 

Coatings deposited by electron gun evaporation contained significantly 


© Woodhead Publishing Limited, 2010 


Physical vapour deposition of magnesium alloys 317 


more large defects than those produced by sputtering. Even when evaporating 
at the lowest controllable evaporation rate, numerous globules (sputters) are 
collected on the substrate surface. Though, most of the globules are small 
compared to the coating thickness, some inclusions can be big enough to 
lead to pinholes, shadowing effects, and cracks in the coating. Similar defects 
have also been reported by Mattox (1998, p. 476) and Carvalho et al. (2003, 
pp. 273-280). 

Altun and Sen (2005, pp. 193-200) used DC magnetron sputtering to 
deposit AIN on various AZ series magnesium alloys. In their publication, 
they point out the inability of the AIN coatings to protect the underlying 
substrates because of the large number of defects, pores, and cracks which, 
according to Altun et al., are impossible to avoid. Hollstein et al. (2003, pp 
261-268) also affirm that pinhole defects are process related, and that these 
are more prominent in depositions conducted at low temperature because 
of adsorbed gases and higher nucleation rates. They demonstrated that the 
porosity density in the PVD coatings can be reduced by depositing thicker 
coatings. Similar behaviour was also reported by Hoche et al. 2005ab, pp. 
559-567, 623-631). In this case, this group reported increased corrosion, 
resulting from defective conductive PVD coatings giving rise to highly 
accelerated corrosion rates; 100X for TiN coated substrates and 2000X for 
CrN coated substrates, with respect to the uncoated material when exposed 
to a 5% NaCl salt spray test. 

From Fig. 9.11, it is evident that the non-conductive RIBAD coatings do 
not accelerate corrosion. In this chart, RIBAD Ti,O, and IBAD A1,03, have 
a current density almost identical to that of the uncoated AMS0 substrate. 
In fact, these coatings offer a small degree of protection, despite having the 
same defect concentrations typical of the other PVD coatings. RIBAD Ti,Oy 
coatings investigated in this study showed superior corrosion resistance 
compared with IBAD Al,O3; coatings, even if the two coatings exhibited 
similar defects. This is believed to stem from the layered structure of the 
latter. 

Hoche et al. (2005c, pp. 223-229) studied the galvanic corrosion properties 
of different PVD coatings on AZ91. They found that the rate of corrosion 
of TiN coated substrates containing pinholes was higher than that of the 
uncoated substrate. Hoche ef al. attributed this enhanced corrosion to the 
fact that the conductive TiN surface acts as a stable cathode, dissipating 
the electrons liberated by the oxidation of magnesium. The investigators 
also demonstrated that the non-conductive 2 um Al,O; coatings deposited 
on 1 um thick plasma anodized magnesium layer, greatly outperforms 
thicker TiN and CrN coatings, which are both conductive. Both TiN and 
CrN coatings were shown to be gradually debonded from the surface by 
the dissolution of the interface material, after which the samples attained 
the same performance as the uncoated substrate. Conversely, the results 
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reported by Hollstein et al. (2003, pp. 261—268) are in net disagreement with 
those reported by Hoche et al. Using polarization experiments, Hollstein et 
al. concluded that TiN deposited on AZ31 magnesium alloys, provided a 
corrosion protection comparable to that of numerous other PVD coatings. 
The observed improvement in corrosion resistance reported by Hollstein et 
al. for TiN, may in fact be due to the greater coating thickness used, namely 
5 um. 

The effect of coating thickness on the free corrosion current density of 
alumina coated substrates, for both IBAD AI,0;3 and IBSD AI,O; coatings 
on AM50 and AS21, is illustrated graphically in Fig. 9.12. From this figure, 
it can be inferred that the performance of IBSD alumina is practically 
independent of coating thickness. In comparison, the performance of IBAD 
Al,03 on both substrate materials is greatly dependent on the coating 
thickness. These coatings show a rapid improvement in corrosion resistance 
as the coating thickness increases to 4 um. Increasing the coating thickness 
up to 5 um leads to minor changes in free corrosion current. However, 
further thickening of the coating has a rapidly increasing detrimental effect 
on corrosion resistance. 

As discussed previously, the improvement in corrosion protection with 
thickness of the IBAD coating is mainly due to the reduction in coating 
surface porosity, physically connected to the substrate. The increase in free 
corrosion current observed in coatings having a thickness greater than 5m 
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9.12 Free corrosion current density of AM50 and AS21 substrates 
coated with Al,O3 coatings of various thickness, in 5% NaCl solution 
at 20°C, after 20 min immersion holding time. 
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is thought to be due to arcing-induced defects, due to the charging of the 
alumina coating, which leads to the formation of large defects. Since alumina 
is a dielectric material, when these coatings are bombarded by the ion beam 
a charge build-up is generated on the surface. As the coating thickness is 
increased, less current is able to leak through the coating. When the electric 
field reaches the breakdown voltage, arcing takes place. The damage caused 
by arcing seriously compromises the performance of the coating. A separate 
investigation has revealed that, for optimal mechanical protection of the 
underlying magnesium substrates, IBAD alumina coatings must be thicker 
than 7 Um. 

During the deposition of IBSD alumina, the deposition flux is scattered 
by colliding with the residual gas in the chamber and on the surface of the 
substrate. This residual gas hinders coating densification and, to a larger 
extent, crystallization, but it is also responsible for the formation of a stress- 
free featureless coating with very little porosity. Also, this coating is not 
prone to arcing as the substrate surface is never exposed to the ion beam. 


9.7 Conclusion 


It is evident from the work reported that it is possible to deposit an extensive 
range of coatings on magnesium alloy substrates using ion beam assisted 
deposition techniques. The extreme nature of magnesium alloys makes the 
application of this technology to these substrate rather problematic. A case in 
point is the fact that pre-sputtering of the AM series magnesium alloys can 
lead to surface roughening, which has a negative effect on the mechanical 
properties of the coated surface. However, through scientific investigation 
of each system, the deposition parameters for a specific alloy system can be 
pinpointed with relative ease. 

The combination of low deposition temperature and high residual gas 
pressure results in a low adatom mobility during ion beam sputter deposition 
at low temperatures. It was shown that, under these conditions, the coatings 
produced are highly amorphous and have poor mechanical properties. Despite 
their low density, the IBSD oxide coatings provide good corrosion resistance, 
far superior than that offered by traditional conversion coatings, even for 
oxide coating thicknesses below 3um. The mechanical properties of IBSD 
Al,03 and Ti,Oy can be substantially improved by upgrading the vacuum 
system. This phenomenon provides the ideal conditions for engineering a 
base coating layer with specific properties designed to provide corrosion 
protection and enhanced mechanical support to a hard topcoat. Such a topcoat 
could be applied selectively, in order to reduce processing costs. Plasma 
immersion ion implantation is a promising candidate for this application. 

Conversely, IBAD coatings were found to contain many defects which 
lower their resistance to corrosive solutions. These coatings can, however, 
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be substantially improved, either by increasing the coating thickness or 
by depositing additional coatings with minimal surface porosity. It was 
demonstrated that conductive coatings, such as carbon in the form of graphite, 
titanium nitride and tungsten, and in particular titanium nitride, significantly 
accelerate corrosion by setting up galvanic corrosion. The last gives rise to 
severe pitting or filiform corrosion, which will eventually detach the coating 
completely from the surface. 

Alumina coatings with 10-30% crystallinity can be deposited onto 
magnesium substrates, even at room temperature. The transparent coatings 
have a matrix average hardness of 13GPa with embedded hard alpha alumina 
crystals (28GPa). For optimal wear resistance of Al,O3 coatings deposited 
on AMSO substrates, an I/C ratio of 0.3 should be used. The mechanical 
properties of these coatings could be further improved by applying a substrate 
bias, in order to minimize shadowing effects. 

IBAD alumina coatings offer corrosion protection comparable to that offered 
by many conversion coating in mildly corrosive environments. However, 
the wear resistance of these coatings is by far superior and is comparable to 
that of the hard coatings deposited on steel substrates. Increasing the coating 
thickness can substantially improve both the corrosion and mechanical 
protection provided by these coatings. Arcing defects can be easily avoided, 
by using either a pulsed DC or an RF substrate bias, measures which would 
also enhance the properties of IBSD coatings. Thick alumina coatings would 
also electrically isolate magnesium components which could later be used 
in complex assemblies, minimizing the risk of galvanic corrosion. 

Finally, various investigators have shown that it is possible to deposit 
duplex coatings that exhibit wear and corrosion resistance using a two 
cycle process in one chamber. The first step involves the deposition of a 
thick layer of dense and adherent modified MgO coating, which provides 
a smooth transition of mechanical properties. This coating would cater for 
the corrosion properties and provide adequate mechanical support for the 
topcoat. On top of this coating, a thinner but harder topcoat is deposited. 
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Plasma-assisted surface treatment of 
aluminium alloys to combat wear 


F. ASHRAFIZADEH, Isfahan University of Technology, Iran 


Abstract: Application of plasma to those metals with a stable, tenacious 
oxide film is a key factor in surface treatment to ensure sufficient adhesion 
of a coating to the substrate and acceptable performance of the coating. 
This chapter introduces typical metal and ceramic coatings produced by 
plasma-assisted processes on aluminium to enhance tribological properties. 
Hard ceramic coatings below a certain thickness have no beneficial effect, 
but thick coatings or the addition of a metal interlayer on aluminium 

will increase significantly their wear resistance. Use of duplex treatments 
incorporating PVD titanium, and subsequent plasma nitriding, is described 
and the results of wear tests are presented. Dominant factors, including 
coating adhesion to aluminium and load-bearing of the coated surface, 

are related to the role of plasma, and the suitability of these coatings for 
aluminium substrates is discussed. 


Key words: aluminium alloys, wear, plasma-assisted coatings, plasma 
nitriding, surface oxide. 


10.1 Introduction 


Aluminium forms the basis of the most important group of light alloys in 
terms of application range in aerospace, automotive and general engineering. 
Its usefulness arises from low density, high corrosion resistance of the pure 
metal and good mechanical properties when suitably alloyed and heat treated 
(Polmear, 1995). 

Aluminium alloys are, however, relatively soft and a fundamental problem 
is their intrinsically poor tribological properties, as detailed in Chapter 2. 
It has been observed that running aluminium against steel produces, after 
an initial low frictional value, large fluctuations in the frictional resistance 
(Ashrafizadeh, 1997). Typical coefficient-of-friction traces during pin-on-disc 
testing at a moderate sliding speed and a relatively small load are shown 
in Fig. 10.1. The initial friction is low at all speeds and loads, but only for 
a very short distance. During this stage, there is little chance of adhesive 
wear because oxide film is present on the sliding surfaces. (Breakdown of 
the oxide film due to inadequate support from the rather soft aluminium 
substrate would cause a sudden increase in the coefficient of friction.) As 
sliding continues, the mean frictional force falls gradually, settling to an 
almost steady value with more moderate fluctuations. Careful examination 
of the friction traces indicates that this uniform part is, in fact, composed of 
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some peaks and troughs which are, to some extent, regularly repeated. With 
further increase in sliding distance, adhesion of aluminium to steel increases 
because there are more newly formed clean surfaces. The subsequent fracture 
of the welded junctions generates relatively large pieces of wear debris, Fig. 
10.2. 

Study of the friction traces by several authors has demonstrated that 
aluminium alloys have severe stick—slip motion during sliding (Sarkar and 
Clarke, 1980; Ashrafizadeh, 1993). Examination of the pin surface, Fig. 
10.3, has revealed severe adhesive wear, accompanied by metal transfer 
from aluminium substrate to steel counterface. The fact that metallic wear 


~ (b) 


10.2 Wear debris of uncoated aluminium alloy after sliding against 
52100 steel; (a) and (b) load 2 N, speed 25 cm/s, (c) and (d) load 
18 N, speed 5 cm/s. 
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(d) 


10.2 Continued 


occurs from the very beginning of sliding indicates that the mild—severe 
transition must have been at a much lower contact pressure. In other words, 
a very small normal load is sufficient to break the oxide film and to cause 
yielding of aluminium material. Adhesion and metal transfer, followed by the 
formation of metallic debris, are the controlling mechanisms which result in 
the relatively high wear of aluminium alloys during sliding contact against 
steel. Surface protection through surface treatment is therefore essential if 
these alloys are to be used efficiently in applications where boundary contact 
with a counterface is unavoidable. 

Although high temperature surface treatments normally used in ferrous 
alloys are not possible for aluminium, the wear resistance can be improved 
by deposition of soft or hard coatings on the surfaces prone to wear. With 
soft coatings, the aim is to interpose low shear strength films between the 
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10.3 Steel ball after sliding against uncoated aluminium alloy 
showing severe adhesive wear; (a) appearance of steel surface after 
pin-on-disc test, (b) details of metal transfer. 


asperities and reduce the opportunity for adhesion. Hard coatings, on the other 
hand, produce hard surfaces that resist wear by resisting the deformation and 
fracture processes. Many techniques are available; plasma nitriding (Spies 
and Wilsdorf, 1998), anodic oxidation treatment (Kawai, 2002) (Chapters 
4 and 5), electro-deposition of chromium (Gawne and Gudyanga, 1984), 
diffusion coatings (Gregory, 1978), sputter coatings (Ramalingam ef al., 
1981), metal and hard coatings by PVD (Ashrafizadeh et al., 1987), ion 
implantation (Bunshah and Suri, 1979), laser surface alloying (Schaeffer et 
al., 1980) (Chapter 13), thermal spray coating (Edrisy et al., 2001) (Chapters 
7 and 8) and reactive evaporation (Bunshah, 1981) have been experienced 
since the development of surface engineering. In addition, nitriding of 
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aluminium has been carried out by a variety of plasma-assisted processes 
(Evans et al., 2002). Despite many improvements reported, most of these 
processes are still at the stage of research and development. This chapter will 
focus on plasma-assisted treatments for enhanced wear performance; metal 
and ceramic coatings, and duplex surface treatment incorporating physical 
vapour deposition and plasma nitriding are considered, and the influence of 
dominant factors on friction and wear behaviour is discussed. 


10.2. Effect of plasma on surface oxide film 


When a freshly-formed aluminium metal surface is exposed to the atmosphere, 
it immediately becomes covered with a thin film of oxide. An important 
and beneficial feature of this oxide film is that its molecular volume is 
stoichiometrically 1.5 times that of the metal used up in oxidation (Wernick 
et al., 1987). This means that the oxide film is under compressive stress 
and will not only cover the metal continuously, but can cope with a certain 
amount of substrate deformation without rupturing. The rapid formation of 
such an oxide film of alumina on the surface makes aluminium and its alloys 
relatively stable in most environments and inhibits bulk reaction. The natural 
oxide film formed in air is very adherent to the aluminium surface, leading 
to a high degree of protection of the metal. The oxide is the basis of that 
group of coatings which involves the technique of anodic oxidation in its 
varied forms. This protective film is stable in aqueous solutions of pH range 
4.5 to 8.5, and becomes probably the most corrosion-resistant coating when 
suitably thickened and strengthened by electrochemical means. 

On the other hand, the tenacity of this thin layer is a serious adverse 
factor in the production of other finishes and coatings, as it must be removed 
before the alternative coating can be successfully applied. Strong acids or 
alkalis must be used to remove the oxide from the surface wherever a clean, 
oxide-free, metallic surface is necessary for subsequent processing. Even 
after using special techniques to effect this, a very thin but tenacious oxide 
film, 2-3 nm thick (Wernick et al., 1987), covers the surface as soon as the 
metal is exposed to the atmosphere. For this reason, to obtain good coating 
adhesion on aluminium substrates, an in-situ treatment must be practised to 
remove the oxide film before deposition commencement. 

When a glow discharge forms on aluminium, ion bombardment of the 
surface results in a number of effects, including sputtering, defect production, 
surface morphology change, temperature rise, physical mixing, and diffusion, 
all of which can enhance the properties of the coating produced (Bland et al., 
1974). The negative glow is often referred to as a plasma, and a true plasma 
can be described as a partially ionized gas containing ions, electrons, and 
charged and neutral atoms and molecules which are uniformly distributed 
(Manory, 1990). Plasma leads to sputtering; a momentum transfer process 
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in which an incoming particle creates a collision cascade that intersects the 
surface, causing the ejection of an atom. Sputtering of a surface leads to 
removal of surface material, hence it is called sputter cleaning; a characteristic 
of plasma-assisted processing. This in-situ process effectively removes the 
thin oxide film from the aluminium surface, producing an atomically clean 
surface for coating deposition. 

Exposure of oxide surfaces to an inert gas discharge has long been used 
to clean surfaces prior to film deposition. The cleaning mechanism is poorly 
defined since the surface is being bombarded with ions, electrons and high 
energy neutrals, as well as with radiation from the plasma (Bunshah, 1982). 
In a series of tests performed on aluminium alloys, sputter cleaning was 
maintained for 30 minutes in high purity argon at a pressure of 3.3 Pa and 
a cathode voltage of 3 KV. (Higher voltages caused some instability in 
the discharge by producing small arcs.) Under the former conditions, the 
discharge current became stable after a few minutes and then decreased to a 
steady value. The steady current density was around 0.1 mA.cm~ and, at the 
end of the sputter cleaning procedure, the substrate temperature was above 
100°C. The appearance of the substrate surface after a long sputter cleaning 
is compared with the initial surface in Fig. 10.4. Although the profilometer 
readings may not indicate significant changes in the measured average 
roughness, the change of surface texture is quite clear. The cleaned surface 
appears nodular, to some extent, with deep grooves, owing to preferential 
sputtering of some particles (Figueroa et al., 2003). Further examination 
of this sputter-cleaned surface would demonstrate the influence of ion 
bombardment on coating adhesion; not only the oxide barrier is removed to 
allow intimate contact and inter-diffusion, but also a uniform roughness is 
formed on the surface which will cause mechanical keying and improved 
adhesion. 

In order to study the effectiveness of the cleaning procedure, aluminium 
surfaces were examined before and after sputter cleaning by using Auger 
electron spectroscopy. Typical AES spectra are shown in Fig. 10.5. The re- 
formation of natural oxide film on the aluminium surface was avoided by 
depositing a thin film of nickel. This film was then removed in the Auger 
chamber via ion etching prior to analysis. Both oxygen and aluminium in 
Al,O3 show a decreased intensity on the sputter-cleaned surfaces. The Al- 
metal line, on the other hand, grows and reaches a stable level. The oxygen 
line, however, did not disappear totally, even after lengthy sputtering. This 
situation could be attributed to the cleanliness of the Auger chamber and 
the sensitivity of aluminium for the immediate formation of oxide film on 
the surface. It follows that the first step in plasma processing is to obtain 
a very low base pressure in order to reduce any residual oxygen in the 
chamber. The next step is to eliminate the alumina layer from the substrate 
surface in such a way as to avoid backscattering of sputtered material and 
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10.4 SEM micrographs of aluminium surface; (a) after grinding, 
(b) after sputtering in argon. 


to prevent reoxidation of the surface. Therefore, to carry out an effective 
sputter cleaning procedure on aluminium, a low initial contaminant level 
should be achieved and a low-pressure discharge in a clean vacuum system 
should be maintained in order to flush away sputtered contaminants. 
Sputter cleaning is usually carried out in pure argon or in an atmosphere 
of a mixture of argon and hydrogen. For the plasma nitriding process, 
nitrogen is added, too. The presence of gases other than argon may have a 
profound influence on the discharge characteristics. Nitrogen is probably the 
reactive gas in widest commercial use, primarily for the production of nitride 
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10.5 AES spectra of the aluminium surface; (a) before sputter 
cleaning, (b) after sputter cleaning. 


coatings. The ionization potentials and collision cross-sections for electron 
impact ionization of nitrogen and argon are comparable and therefore the 
bombardment energy characteristics and ionization efficiencies are expected 
to be broadly similar for these gases. 


10.3. Plasma nitriding of Al alloys 


Since the industrial development of plasma nitriding (Edenhofer, 1974), 
there has been an increased interest in applying the process to aluminium 
alloys for which conventional gaseous thermochemical treatments have not 
been successful. 

Plasma nitriding, also referred to as ion nitriding, is performed to improve 
the wear and fatigue resistance of ferrous materials and some titanium alloys 
(Ashrafizadeh, 2003; Kashaev et al., 2005). Processing is accomplished in 
an air-tight vacuum chamber where the workpiece made the cathode and the 
chamber walls the anode. An applied potential across the cathode workpiece 
and chamber wall creates a plasma in the abnormal glow discharge range, 
with good electrical conductivity, consisting of ions, electrons, and charged 
and neutral atoms and molecules. Under these conditions, a uniform purple 
glow is established around the cathodic work pieces and the sputtering action 


© Woodhead Publishing Limited, 2010 


332 Surface engineering of light alloys 


of the glow discharge heats and cleans the surfaces of the components. The 
addition of nitrogen to the chamber initiates and sustains the nitriding action, 
with an enhanced mass transfer to the surface of the metal. In iron and 
steel, this leads to a rather deep nitrogen diffusion and this is considered a 
major advantage in the plasma nitriding process (Hosseini and Ashrafizadeh, 
2009). 

Intensive investigations during the 1980s demonstrated that plasma nitriding 
of aluminium alloys is possible provided an efficient sputter cleaning stage 
is performed to remove the natural oxide layer and very pure nitrogen is 
used. Otherwise, oxide film formed before and/or during plasma treatment 
on the surface of the aluminium alloy will act as a barrier to the diffusion 
of nitrogen into the metal. Other studies later explored the possibility of 
aluminium nitriding even without prior sputter cleaning (Reinhold ef al., 
1998). Experimental results reported by Spies et al. (2001) proved that the 
formation of aluminium nitride is possible on aluminium surfaces covered 
with an Al,O3 film, and other investigators successfully carried out plasma 
nitriding of aluminium and its alloys without argon presputtering (Visuttipitukul 
et al., 2003). 

Initial attempts to form aluminium nitride on the surface of aluminium 
substrates appeared in the literature as a European patent (Tachikawa et al., 
1985). As aluminium readily reacts with oxygen to form oxide films, the 
inventors tried to carry out the process in an oxygen-free atmosphere. After 
evacuating the chamber to 0.133 Pa, the substrates were heated in a glow 
discharge using an inert gas such as argon. This glow discharge, in addition 
to raising the temperature, produced a clean surface to facilitate the diffusion 
of nitrogen. The treatment was continued by replacing the inert gas with 
nitrogen or ammonia at a pressure above 13.3 Pa. Several aluminium alloys 
were nitrided at temperatures of 300 to 650°C; temperatures below 450°C 
did not produce a significant hardening effect, whereas 600°C and above 
caused spalling of the surface layer. Nitrided layers of several micrometres 
thickness were produced at temperatures between 450 and 550°C. Hardness 
values of 1000 HV and above were reported for the black AIN layers, with 
some improvements in wear resistance. 

Several problems must be noted when considering nitriding aluminium 
alloys. The first major problem in the nitriding of aluminium is the stable 
oxide film which acts as a barrier to reaction between the aluminium surface 
and nitrogen. Although the sputter cleaning process is expected to remove 
the oxide film directly before plasma nitriding, it is practically impossible 
to avoid reoxidation and to maintain an atomically clean surface during the 
treatment. This has been attributed to the very low oxygen potential needed 
for Al,O3 formation (Stock et al., 1994). The second problem is concerned 
with the process temperature — the nitriding temperature is rather close to 
the solidus temperature of aluminium alloys. Therefore, a critical control of 
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temperature is required during plasma nitriding since even minor overheating 
may lead to local melting of the component. Other problems arise due to 
the large differences in the physical properties between aluminium and 
aluminium nitride (Table 10.1); large differences in coefficients of thermal 
expansion produce high values of residual stress, which can lead to cracking 
and spalling for thick aluminium nitride layers. Therefore, in order to produce 
crack-free surface aluminium nitride layers, their thickness must not exceed 
about 341m (Spies and Spies ef al., 2010). Finally, AIN has a high electrical 
resistance and as its thickness is increased, the current density will decrease 
unless the plasma parameters are effectively adjusted. 

Various techniques, in addition to simple dc plasma, have been employed 
to modify the nitriding process for aluminium and its alloys. Pulsed dc 
discharge, thermionic assisted dc, high frequency plasma, microwave discharge 
plasma, electron beam excited plasma, plasma source ion implantation and 
plasma immersion ion implantation (PII) have been successfully applied to 
aluminium alloys, Table 10.2. PIII appears, to be particularly advantageous 
in that it can produce an AIN layer at the surface with a thickness up to 15 
uum at 500°C (Richter et al., 2000). This is a process where the plasma is 
generated in a suitable size vacuum chamber, immersing the workpiece from 
all sides (Mandl et al., 1996). By applying negative high-voltage pulses to 
the sample, positively charged ions are extracted from the plasma through 
the plasma sheath and implanted into the whole surface at the same time, 
thereby reducing the process time for large components (more details of PII 
can be found in Chapter 11). 

From a technological point of view, the selection of a particular aluminium 
alloy for plasma nitriding, the temperature uniformity in the batch and 
the surface quality obtained are the crucial points. The nitridability of the 
aluminium alloys in Fig. 10.6 shows that the growth rate of the nitride layers 
increases with increasing magnesium content of the alloy. Obviously, layer 
thickness is a key factor in load bearing ability of the surface and must be 
considered when designing a nitriding process for industrial aluminium parts. 
The actual improvement in wear resistance is yet another point of concern; the 


Table 10.1 Physical properties of Al and AIN 


Property Al AIN 
Melting point, K 933 2572 
Density p, g cm? 2.7 3.26 
Young’s modulus E, GPa 72 400 
Hardness HV (load, N) 20-30 (100) 1530 (1) 
Thermal expansion coefficient a, 10-°K~" 23 5.0" 
Thermal conductivity 7, W m7! K"" 226 320 
Electrical resistivity 10° Qm 2.5 >1019 
“600-1300 k 
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Table 10.2 Techniques and process parameters for plasma nitriding of aluminium alloys 


Process Conventional Pulsed Pulsed Thermionically Thermionic Microwave Plasma 
d.c. d.c. d.c. +r.f. assisted d.c. arc + ECR ion immersion ion 
triode implantation 
Base pressure (Pa) 10°° 2.66 10°-10-4 103-1074 2x 103 6 x 10-4 2x 10 - 
Sputter cleaning 
time (h) 1 3 - - 0.5 1.5 0.5 - 
Pressure (Pa) 90 133.3 - 200 3.3 0.4 1.0 - 
Bias voltage (V) 600 200 - 400-600 2000 80 1000 - 
Gas Ar No - Ar2H» Ar AroH, Ar - 
Nitriding 
time (h) <20 20-70 4-12 d.c./r.f.<2 2-10 2-18 0.5 3 
Pressure (Pa) 505 533.3 200-300 350/350 2.7 0.8 1 0.14 
Bias voltage (V) ? 200 460-600 600/200 2000 50 1000 40000 
Temperature (°C) 450 550 400-460 480 300 340-460 500 300-500 
Gas No N»-H, No No No N.,Ar No No 
AIN layer thickness (um) <5 3-5 2-8 <18 ca. 0.1 <10 Very thin <0.05 
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10.6 Growth of the AIN layer as a function of the effective nitriding 
time at 400°C for aluminium alloys of different magnesium content 
(2017: 1.6%Mg, 7075:2.6%Mg, 5083: 4.5%Mg) (Spies et al., 2010). 


formation of AIN on the surface changes the chemistry and the condition of 
the contact, thereby changing the wear mechanism, for example, from severe 
adhesive and abrasive to mild abrasive wear (Visuttipitukul and Aizawa, 
2005). Nevertheless, the large difference between physical and mechanical 
properties of aluminium and AIN, together with the low thickness of the 
layer, limit the application of plasma-nitrided components to light sliding 
contacts. Thicker modified layers obtained by special nitriding techniques 
or duplex processing are necessary to produce a supporting layer of high 
load-bearing capacity with substantially better wear properties. 


10.4 Physical vapour deposition (PVD) of aluminium 
alloys 


Ion plating, as one of the physical vapour deposition techniques, has been 
used to produce coatings on aluminium alloys for obvious advantages. It is 
defined as a deposition process in which the item to be coated is subjected to 
a flux of high energy ions both before and during deposition (Mattox, 1973). 
A film results only when the deposition rate is greater than the removal rate. 
Typical properties obtainable in this process include the following: 


e Improved coating adhesion, due to the ability to “sputter clean’ and 
pre-heat substrates by energetic ion and neutral bombardment of the 
substrate surface. 
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e Uniform coating thickness through gas-scattering effects and the ability 
to rotate or displace samples relative to the vapour source during 
deposition. 

e Avoidance of a final machining or polishing stage after coating as, in 
most cases, the coating replicates the original surface finish. 

e Controlled coating structure due to the effect of bombardment in obviating 
columnar growth and encouraging deposited atom mobility. 

e Controllable deposition rates, using a wide variety of vapour sources 
including resistance heated, electron beam, induction, etc. 

e Usually there are no effluents or pollutants, as in most cases there are 
no harmful by-products or toxic chemical solutions used. 

e High purity deposits through the use of a controlled vacuum environment 
and pure source materials. 

e Lower deposition temperatures, as direct energization of the coating 
species provides many of the benefits previously achievable only on 
hot substrates. For example, lower substrate temperatures can be used 
for ceramic deposition compared with chemical vapour deposition. 

e Deposition of a wide range of coating and substrate materials, including 
metals, ceramics and compounds. 


A laboratory-size ion plating system has been employed to produce various 
metal and ceramic coatings on an aluminium alloy to improve tribological 
behaviour. Selected metals were chromium, copper, nickel and titanium; 
and ceramics included TiN and CrN. The structure and properties of these 
coatings are presented in the next sections. 


10.4.1 Metal coatings 


The morphology of metal coatings is evident from Figs 10.7—10.11, which 
represent typical scanning electron micrographs of both fracture sections 
and coating surfaces. The micrographs indicate that coating morphology, in 
general, depends on the process temperature and gas pressure, as correlated 
to the M-D structural zone model (Movchan and Dimchishin, 1969), Fig. 
10.12. The crystallites are separated by voids which are weak; this reduces 
the cohesive strength of the coating. As the negative bias was increased and 
the argon pressure was reduced, the structure became less porous and more 
nearly like a columnar growth. The structure obtained at a power density of 
0.3 W.cm™ (i.e. a current density of 0.1 mA.cm~”), is made under conditions 
those typical of used for the deposition of metal coatings. Its pebble-like 
top, Fig. 10.8 (b), appears bright metallic in the 5m layers but darker and 
less rounded in the thicker coatings. The interface between substrate and 
coating is not very sharp as the result of some diffusion, producing a graded 
interface. Further, it is evident that the initial layer of copper is finer and, 
to some extent, denser than the top-most sections. 
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10.7 SEM micrographs of chromium coating on aluminium alloy; 
(a) fracture section, (b) coating surface. 


The structure of the ion plated chromium in Fig. 10.7 consists of fibrous 
grains but they are more densely packed. The boundaries seem less porous 
and stronger than those of copper deposited under the same conditions (except 
that the temperature was about 50°C higher in the case of chromium). The 
rod-shaped columns show similarity to those of Zone T in the structural 
model (Fig. 10.12) and the surface morphology is smoother. There are no 
cracks in the films, but there are occasional large nodules (with diameters 
of up to Sum), as can be seen in Fig. 10.7 (b). The nodules are a common 
feature of sputtered and ion plated films. 
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10.8 SEM micrographs of copper coating on aluminium alloy; 
(a) fracture section, (b) coating surface. 


Both nickel, Fig. 10.9, and titanium, Fig. 10.10, are similarly columnar 
with porous boundaries, a characteristic of ion plated coatings. The structure 
of nickel is finer and its surface appearance is spherical rather than dome- 
shaped. Both of these coatings were produced by electron beam ion plating 
but titanium had a higher evaporation rate, leading to a coarser, more porous 
coating with a higher surface roughness. The fact that copper and chromium 
were evaporated by resistive heating, and nickel and titanium by electron 
beam, produced a difference in that electron beam caused more ionization 
of the vapour in addition to the glow discharge effects. 

The effect of chamber pressure on the coating morphology can be seen 
from Fig. 10.11, which depicts the structure of titanium coatings produced 
by evaporation in high vacuum and in argon gas, without application of 
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10.9 SEM micrographs of nickel coating on aluminium alloy; 
(a) fracture section, (b) coating surface. 


glow discharge. At the rather low temperature of deposition, which was 
attained only by radiation from the molten source, the typical structure of 
vapour depositions can be observed. Comparison of micrographs (a) and 
(b) clearly demonstrates that the presence of argon, at a pressure of 3.3 Pa, 
changes the structure from a rather dense, smooth morphology to a porous, 
sponge-like structure. This is accompanied by a decrease in surface hardness 
from 540 to 306 HK, but an increase in the throwing power due to gas 
scattering. It is well established that coatings formed by PVD techniques 
at low temperatures consist of tapered, nodular or columnar growth, with 
porous boundaries of low cohesive strength as a result of the limited mobility 
of depositing atoms. Such structures are usually attributed to geometric 
shadowing effects. The structure of ion plated coatings is affected both by 
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10.10 SEM micrographs of titanium coating on aluminium alloy; 
(a) fracture section, (b) coating surface. 


gas pressure and ion bombardment, as well as by substrate temperature. 
The T/Tm dependence of the structure itself is determined largely by the 
interplay of three mechanisms; shadowing, adatom diffusion, together with 
surface and volume recrystallization, and grain growth (Thornton, 1975). As 
far as aluminium substrates are concerned, there is limitation to increasing 
the process temperature, but higher ionization levels may be employed to 
assist in obtaining a coating of rather dense structure. 

The hardness and average wear rate of coatings is summarized in Table 
10.3, and the variation of friction coefficient with sliding distance for typical 
metal coatings is presented in Fig. 10.13. Amongst the metallic coatings 
studied, ion plated chromium had higher wear resistance and copper films 
a steady, low coefficient of friction. All the coatings improved the wear 
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10.11 Fracture sections of titanium coatings on aluminium alloy 
without glow discharge; (a) evaporation in vacuum, (b) evaporation 
in argon gas. 


behaviour of the aluminium base alloy; however, nickel and titanium showed 
adhesion problem in sliding against steel. Being rather soft, aluminium alloys 
deform readily beneath the coated layer, thereby minimizing the effect of 
the layer. Good correlation exists between wear resistance and the onset of 
coating breakdown as determined by the coating thickness and the bearing 
pressure. The thickness, in particular, has a significant effect on the wear 
resistance; the coating must be thick enough to overcome the influence of 
the substrate deformation. 

Ion plating principles have been used to produce adherent aluminium 
coatings as an alternative to cadmium plating. The process is referred to as 
‘ion vapour deposition’ (IVD) or ‘ivadizing’. IVD aluminium is a soft, ductile 
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10.12 Thornton model of structural zones in sputter coatings 
(Thornton, 1975). 


Table 10.3 Properties of ion plated coatings on aluminium alloy 


Coating Thickness Surface hardness Average wear rate 


(um) (HK) (mg.m-') 

Chromium 6 620 0.05 
Chromium 19 738 0.01 
Copper 6 208 0.05 
Copper 21 192 0.02 
Nickel 5 285 0.2 
Nickel 18 348 0.03 
Titanium 5 420 0.1 
Titanium 20 508 0.02 
CrN 5 1080 0.01 
Cr, CrN 6.5 1100 0.0 
Cr, CrN 19.5 1152 0.0 
TiN 2 1237 > 0.3 
TiN 5 1582 0.0 
TiN 8 1830 0.0 
Ti, TiN 5.2 1362 0.0 
Ti, TiN 5.5 1630 0.01* 
Ti, TiN 20.5 1900 0.01* 
Substrate Uncoated 140 BHN > 0.5 


+ indicates a weight gain. 


coating and has properties nearly identical to pure aluminium. The coating 
is applied to steels, as well as to high-strength aluminium alloy structures, 
without any detrimental effect on mechanical strength (Muehlberger, 1983) 
or fatigue life. 1VD aluminium can be used at temperatures of up to 500°C, 
provides galvanic protection to aluminium alloys, and does not present any 
ecology problem. But it is not designed for tribological purposes. 
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10.13 Variation of friction coefficient with sliding distance for typical 
metal coatings on aluminium alloy; (a) copper, (b) chromium, (c) 
nickel, (d) titanium. 


10.4.2 Ceramic coatings 


Titanium nitride and chromium nitride have been successfully produced 
on aluminium alloy by using a triode ion plating to intensify the glow 
discharge (Ashrafizadeh and Bell, 1990). TiN coatings deposited at a similar 
power density, Fig. 10.14, show a more distinct columnar growth, which 
corresponds to Zone 2 of the structural zone model. Commercially produced 
TiN on aluminium alloy has a fracture which is almost featureless, probably 
because of the very fine grain size. This coating, produced at 500°C by arc 
ion plating, is much thinner and has a different surface appearance, composed 
of some spits and unreacted particles. There are also some fine cracks in the 
matrix structure. The increase in temperature causes sufficient bulk diffusion 
to produce a structure approaching that of a Zone 3 type. 

Scanning electron micrographs of the coating topographies indicate surface 
nodularity to varying degrees. The sections reveal that ion plated coatings 
are in intimate contact with the aluminium substrate, reproducing the initial 
surface irregularities, particularly at lower thickness levels. As the process 
temperature was experienced below 250°C, there was no significant change 
in the substrate microstructure after coating. 
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10.14 SEM micrographs of titanium nitride coatings: (a) e.b. ion 
plating, fracture section, (b) e.b. ion plating, coating surface, 
(c) droplets in arc ion plated TiN. 
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Variations of the coefficient of friction for the ceramic coated specimens 
at a sliding speed of 5 cm/s are shown in Fig. 10.15. The ceramic coatings 
showed a low value of friction initially, which gradually increased as the 
steel ball was abraded. The harder films deposited under high current density 
had a slightly higher coefficient of friction compared to less dense films of 
equivalent thickness. 

Referring to Table 10.3, it may be seen that ceramic coatings have high 
values of hardness and very low rates of wear. Titanium nitride perform 
much better than the metal coatings in terms of low friction and wear. The 
8um coating of TiN gives complete wear protection to the substrate when 
sliding 300 m against the steel ball under a load of 27 N. This is the result 
of high hardness combined with chemical stability of this ceramic coating. 
A particularly beneficial feature is the very low solubility of titanium nitride 
with steel even at high temperatures. When a metallic layer with a hardness 
value intermediate between those of the aluminium alloy and the ceramic 
coating was used, lower thicknesses were also effective in controlling the 
amount of wear. 

The Cr-N coatings deposited on aluminium alloy were dense, with a 
non-uniform surface which appears as a series of grooves (Fig. 10.16). 
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10.15 Variation of friction coefficient with sliding distance for typical 
ceramic coatings on aluminium alloy; (a) 5 um TIN, (b) 2 um TIN, 
(c) 5 um CrN, (d) powdery CrN with high nitrogen content. 
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10.16 SEM micrographs of chromium-nitrogen deposits on 
aluminium alloy; (a) CrN fracture section, (b) CrN coating surface, 
(c) dense structure with low nitrogen content, (d) powdery structure 
with high nitrogen content. 
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10.16 Continued 


The intense bombardment caused the formation of a high density of nuclei 
and hence a small grain size, without any sign of pores or cracks. The 
results confirm that it is possible to produce dense coatings by ion plating 
on substrates whose bulk temperature is kept rather low. The morphology 
changes, however, from a dense columnar one, which is the case for other 
chromium nitrogen deposits, to a powdery form at nitrogen levels of 50% 
or more. The results of the chromium -nitrogen coatings produced at about 
30%N), indicate some advantage of nitrogen-containing phases over pure 
chromium metal in adhesive wear applications. In particular, the CrN phase 
appears to offer better performance in the absence of metal chromium and/ 
or powdery chromium-nitrogen mixtures. 

Ceramics have virtues in adhesive wear situations because of their tendency 
not to react with metals (Wachtman and Haber, 1986). The thermal energy 
liberated in the tribological contact regions might be sufficient to modify 
the plastic properties so that the steel possesses the capacity to flow, whilst 
TiN is under elastic contact behaviour. Thin films of titanium nitride did 
not last for a long sliding distance, even at relatively small loads. Coating 
breakdown occurred, leading to high adhesive wear similar to that of the 
uncoated substrate. This was thought to be due to substrate collapse below 
the hard TiN film. Coatings of 5m thickness and above, in contrast, gave 
nearly perfect wear protection to the substrate. Thicker TiN coatings performed 
very well in all sliding tests (Table 10.3). Under conditions of mild wear, 
the debris was in the form of a fine black powder, which was probably iron 
oxide, since the steel ball was abraded leaving a scratched flat surface. 

TiN coatings routinely produced had (200) orientations of varying degrees 
and a dense, non-porous, columnar structure. The change in texture was 
accompanied by changes in hardness and wear resistance. The improvement 
has been attributed, in part, to an increase in coating densification which 
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occurs under the higher ion bombardment conditions giving the (200) texture. 
It was clear that hard coatings on the relatively soft aluminium alloy substrate 
would break up under rather heavy loads. TiN films produced at a lower 
current density proved to be slightly better in this respect. It is probable that 
the presence of unreacted titanium in the latter produced a higher toughness; 
the lower hardness could also be one indication of this phenomenon. 


10.5 Duplex surface treatment 


Ion plating and subsequent plasma nitriding were applied to aluminium 
alloy in an investigation to improve the tribological properties of such alloys 
(Ashrafizadeh, 1992). Coatings of titanium, deposited onto the aluminium 
substrate, were subjected to a series of plasma nitriding cycles in order to 
form a graded interface and hard metal compounds on the surface. The results 
indicated that a significant improvement could be achieved when titanium 
films of adequate thickness are nitrided to produce hard compounds on the 
surface, above the aluminium-titanium interface. The properties obtained 
in this duplex treatment were much better than those obtained by either 
nitriding or ion plating. 

Titanium coatings were deposited in two thicknesses, 5 and 20 um, and 
subsequently, plasma nitriding was carried out in a nitrogen—hydrogen 
atmosphere at a steady pressure of 270 Pa. Two treatment temperatures, 500 
and 550°C, were employed throughout, with a constant time of 20 hours. No 
considerable nitriding was observed at, or below, 450°C. At the end of the 
process cycle, the power was switched off and the specimens were slowly 
cooled to room temperature in the nitriding chamber. 

Plasma nitriding was found to produce very attractive properties in terms 
of low friction (Fig. 10.17). Nitriding of thinner films does not seem to be 
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10.17 Comparison of friction traces for two surface treatments 
of aluminium alloy; (a) titanium coating, (b) duplex treated (PVD 
titanium and plasma nitrided). 
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very beneficial since the films were mostly removed by the sputtering action 
of the process. The nitrided 20 um titanium coating, on the other hand, 
performed very well in pin-on-disc wear testing. In particular, the specimen 
plasma nitrided at 500°C had negligible wear under various loads (Table 
10.4). The formation of nitrides and microhardness, however, were optimum 
for nitriding at 550°C. This situation indicates that, in addition to surface 
nitriding, other mechanisms must have been responsible for the decreased 
wear. 

A thin oxide film is always present on the surface of titanium metal. During 
plasma nitriding, three competing processes can simultaneously affect this 
oxide film; sputtering of the oxide, deposition of oxygen atoms/ions, and 
solution of some oxygen followed by diffusion of oxygen into the metal. It 
is generally accepted that at temperatures of 800°C and above, sputtering and 
solution dominate over deposition of oxygen and, as a result, the surface is 
depassivated and nitriding of titanium can proceed. At temperatures below 
600°C, on the other hand, the deposition of oxygen predominates, and there 
is no extensive nitriding. As depassivation of the surface is a key factor in 
controlling the extent of nitriding, it follows that if the process chamber is 
free from oxygen, nitriding can proceed at lower temperatures, producing 
both oxide and nitride within the top layers (Miyagi et al., 1980). 

Accurate analysis of the diffraction patterns of the nitrided surface in Fig. 
10.18 shows the presence of oxides and nitrides, and one possible explanation 
for the tribological behaviour of these specimens is the relative amounts of 
the two phases in terms of the nitriding temperature and the cleanliness of 
the nitriding atmosphere. There are some similarities between the reaction 
of nitrogen and oxygen with titanium, and the surface layers may well be a 
mixed oxy-nitride, denoted as TiX, where X represents a variable mixture 
of oxygen and nitrogen. The effect of increasing temperature may then be 
to change the ratio of oxygen and nitrogen in the layer: plasma nitriding at 
550°C, as compared to 500°C, produces more nitrides than oxides, a higher 
hardness, a higher depth of hardening and some diffraction peaks which 


Table 10.4 Surface hardness and wear rate of the specimens after duplex 


treatment 

Specimen/Treatment Hardness Average wear rate 
(mg.m=') 

Aluminium alloy substrate 140 BHN > 0.5 

5 um Ti 420 HK 0.1 

5 um Ti, nitrided at 500°C 1592 HK 0.04 

5 um Ti, nitrided at 550°C 1947 HK 0.03 

20 um Ti 508 HK 0.02 

20 um Ti, nitrided at 500°C 1858 HK 0.0 

20 um Ti, nitrided at 550°C 2065 HK 0.01 
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10.18 X-ray diffraction patterns of duplex treated (PVD titanium and 
plasma nitriding) aluminium alloy; (a) plasma nitriding at 500°C, 
(b) plasma nitriding at 550°C. 


probably belong to intermetallics at the aluminium-titanium interface, Fig. 
10.19. 

During pin-on-disc wear testing, the oxide—nitride compounds on the 
plasma nitrided surfaces have the advantage of controlling the damage to the 
steel counterface and, thus, a lower coefficient of friction and longer sliding 
under mild wear conditions. Examination of the wear tracks demonstrates 
the fact that plasma nitriding, in effect, shifts the wear couple from a 
metal—metal one to a metal—oxynitride one, thus changing the fundamental 
wear process. Obviously, the nitride provides high hardness and the oxide 
is intimately associated with low friction and wear. Neither of the titanium 
coatings nor the plasma nitriding of aluminium could produce comparable 
properties. It is, then, the formation of hard compounds accompanied by a 
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graded interface in this duplex treatment that must be responsible for the 
improved tribological properties. 


10.6 Load bearing capacity and interface design 
10.6.1 Adhesion and load bearing capacity 


The first and foremost requirement for the application of coating techniques in 
tribology is that the deposited films be well bonded to the substrate. Various 
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10.19 Typical micrographs of duplex treated (PVD titanium and 
plasma nitrided) aluminium alloy; (a) fracture section, (b) coating 
surface, (c) coating-substrate interface in a polished and etched 
section. 
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10.19 Continued 


methods have been developed to measure the adhesion between a substrate 
and a coating (Rickerby and Matthews, 1991), but each has limitations. The 
simplest adhesion tests, such as the scotch tape, are purely qualitative and are 
not designed to quantify adhesion strength except to assert that the adhesion is 
greater than some arbitrary limiting value. More sophisticated methods have 
been designed for quantitative measurement of adhesion strength. The scratch 
test is one that has become widely established as a comparative method and 
is in widespread use (Valli et al., 1986). But measurement of adhesion of 
hard coatings to rather soft aluminium substrates has been a problem since 
the development of modern coatings by physical vapour deposition. 

For adhesion evaluation of PVD coatings to aluminium, a modified scratch 
test has been developed and used to characterize typical coatings, as well as 
to study the effect of deposition parameters. The adhesion test adopted is very 
similar to the standard scratch hardness test except for the interpretation of 
the results (Ashrafizadeh, 2000). The loads listed in Table 10.5 correspond to 
the ‘load-bearing capacity’ of the coating—substrate combination. This is the 
condition just before the critical load where the coating is still adhered to the 
substrate but may show local removal by internal cohesive failure. The data 
confirm that thicker coatings have a higher load-bearing capacity than the 
thinner films. It is also evident that a coating with better mechanical properties 
and good ductility has the highest load-bearing capacity. Thicker layers have 
lower adhesion compared to corresponding thinner films; for example, the 
adhesion index (defined as the slope of the plot of scratch width versus the 
square root of the applied load) for a 5 um Ti coating is 0.44 and for 20 um 
Tiis 0.19. This is in contrast to the evaluation of adhesion based on the value 
of critical load, which is higher for thicker layers. In the conventional scratch 
test, the stress required for coating detachment is transmitted through the 
coating; thicker layers may well require a greater surface stress to achieve 
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Table 10.5 Results of the modified scratch adhesion tests 


Specimen Specimen Load- Adhesion Type of failure 
number — conditions bearing index during scratching 
(N) 

Ti-1 5 um, diode ion plating 0.8 0.44 Film removal 

Ti-2 20 um, diode ion plating 1.9 0.19 Film removal 

Ti-3 5 um + vacuum annealed 0.9 0.35 Film removal 

Ti-4 20 um + vacuum annealed 1.8 0.38 Film removal 

Ti Vacuum deposition 0.5 0.21 Spalling 

Ti* Deposition in argon gas 0.5 0.28 Spalling + film 
removal 

TiN-1 5 um, triode ion plating 0.5 0.30 Spalling + film 
removal 

TiN-2 8 um, triode ion plating 0.8 0.24 Spalling + film 
removal 

TiN-3 Commercially produced (e.b.) 0.2 0.43 Spalling + film 
removal 

TiN-4 Commercially produced (arc) 0.3 0.42 Film removal 

Ti-l lon plating, high discharge 0.3 0.49 Film removal 

Ti-Il lon plating, low discharge 0.5 0.30 Film removal 


the same shear at or near the interface, thus showing higher critical loads. 
However, it is not clear whether the apparent increase in critical load with 
coating thickness represents a real increase or a decrease in adhesion. There 
is no such contradiction in the modified scratch test; the test is well suited 
to compare adhesion of hard coatings on aluminium substrates. 

The effect of glow discharge and current density on coating adhesion 
has been studied for various TiN layers on aluminium alloy. The current 
density for TiN-I was 0.4 mA.cm™~ and that for TiN-II was 0.2 mA.cm™. 
The higher adhesion of the former is mainly attributed to a less porous 
structure, which strengthens the interface by effectively increasing the area 
of contact, though other factors such as sputtering and higher deposition 
temperature are involved. TiN coatings all had good adhesion to the substrate. 
The commercially produced films had relatively low load bearing capacity 
although they were very adherent to the substrate. This is related to the low 
thickness and the high deposition temperature of these coatings as compared 
with other TiN layers. In general, titanium nitride coatings have shown good 
adhesion to aluminium base alloys; adhesion values as high as 30 MPa have 
been reported (Rickerby and Matthews, 1991) for sputter deposited TiN on 
duralumin in pull test measurements. 

Titanium coatings deposited by vacuum evaporation or in argon, without 
glow discharge, had very poor adhesion when compared with that of ion plating, 
and were abruptly delaminated when sliding under load. The sputtering action 
of argon and metal ions removes barrier layers such as oxide film, adsorbed 
gases and surface residues which could prevent intimate contact between the 
titanium coating and the aluminium substrate. A titanium coating, prepared 
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by vacuum evaporation, after peel off in sliding, is shown in Fig. 10.20. This 
specimen had high weight loss and a high coefficient of friction, similar to 
that of uncoated aluminium. Poor adhesion strength caused debonding at 
the coating—substrate interface, with subsequent formation of rather large 
pieces of titanium which formed as loose debris at the early stages of the 
wear test. 

Another important coating property, related to adhesion, is the load 
bearing capacity. High normal loads produce high bearing pressures, which 
are transmitted to the specimen through the coating. For ductile and strong 
materials, sliding interaction transmits the bearing pressure deep into the 
material, leading to plastic stress and strain. For brittle materials, the bearing 
pressure cannot be transmitted through extensive subsurface plastic strain as 
the stress is sufficient to initiate fracture in the surface and subsurface close 
to the contact. A chromium coating under high load illustrates the situation: 
as is shown in Fig. 10.21, the coating is fractured due to deformation and 
collapse of the underlying substrate. When the coating is thick, so that all 
stresses and strains diminish inside the layer, the surface can support a load 
as high as its intrinsic limit. However, if the layer is thin, shear stresses will 
be present at the interface and these will transfer across the interface into 
the underlying base material. Since the aluminium substrate is softer, it will 
deform more easily than the adjacent coating material and the result will be a 
shear fracture at, or near, the coating—substrate interface. Coating toughness 
and its adhesion to the substrate are the relevant factors in controlling this 
kind of fracture. In addition, coating thickness is a decisive factor on the 
ability of the layer to withstand higher applied stresses and, in effect, to 
increase the load-bearing capacity of the coated aluminium substrate. 


10.20 SEM micrograph of a vacuum evaporated titanium coating on 
aluminium alloy detached during specimen preparation. 
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10.21 SEM micrograph of a chromium coating on aluminium alloy 
fractured under high load due to inadequate support from the 
substrate. 


10.6.2 Interface and intermediate layers 


The interface between the substrate and coating usually forms a discontinuity 
in the normally uniform properties and composition. It is, in general, 
desirable to eliminate or reduce this abrupt mismatch by inducing a graded 
interface. This is practically possible by interdiffusion and the application 
of intermediate layers before deposition of the top coating. 

Results of microanalysis and hardness profiles experimentally verify 
the formation of a graded interface in plasma assisted deposition, which is 
partly responsible for adherence of the coatings. The graded interface not 
only provides good adhesion, but also induces a strengthening effect that 
normally improves the mechanical properties. The presence of a diffusion 
type interface strengthened by solution hardening and intermetallic particles 
leads to higher hardness in the interface regions. 

Metal intermediate layers can be deposited onto the substrate before 
deposition of ceramic coatings on aluminium alloy: titanium beneath TiN 
and chromium beneath CrN are examples. Typical micrographs are shown in 
Fig. 10.22 where the results of the wear tests indicate the beneficial effects of 
such layers. While a thin TiN coating does not confer a high wear resistance 
due to its fracture under load, the presence of a titanium layer between this 
and the substrate increases the surface hardness to 2190 HK and lead to a 
high wear resistance in sliding tests. Such composite coatings also show 
better adhesion to the substrate in scratch testing. A similar situation exists 
in the case of Cr-CrN duplex coatings which induce better wear resistance 
than either chromium or chromium nitride. 

The interface of transition from the substrate material to the coating usually 


© Woodhead Publishing Limited, 2010 


356 Surface engineering of light alloys 


a + 


a ae = 


ee Substrate 


iS ‘ 


10.22 Typical micrographs of ceramic coatings with interlayers on 
aluminium alloy; (a) fracture section of Ti-TiN, (b) fracture section of 
Cr-CrN, (c) polished and etched section of Ti-TiN. 
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forms a break in the normally uniform crystallinity and/or composition. 
This abrupt mismatch is reflected in a change in the coefficient of thermal 
expansion, thermal conductivity and hardness. Plasma assisted processes, 
in general, provide a gradual composition change or graded interface, but 
over a very short depth. Intermediate films, on the other hand, spread the 
interfacial stresses onto a thick, strong metallic layer rather than imposing 
them on the interface, below which a fracture can rapidly propagate. The 
effect of the intermediate layer, then, is to introduce a graded transition 
over a depth much longer than that produced by a graded interface, from 
the substrate properties to those of the coating. 

The other important effect of an intermediate layer is to increase the 
load bearing capacity of the coated substrate. In the case of aluminium 
alloys, this means less deformation under a given load and, thus, higher 
wear resistance. The improvement is likely to be due, at least in part, to 
the improved load support afforded by the intermediate layer, since both 
chromium and titanium are harder than the substrate. This effect is much 
more influential than interposing a thin intermediate layer just to reduce the 
differential thermal expansion, which may result in adhesive failure of some 
coatings at the interface (Holmberg and Matthews, 1994). 

As is sketched in Fig. 10.23, interfaces, compound formation, and 
inter-diffusion are the three possible forms. These can occur separately or 
most likely in various combinations, depending on the coating—substrate 
compatibility. It is usually difficult to characterize an interface located below 
the surface, particularly in the case of rather thick, well adherent coatings. 
Nevertheless, the results of analyses, and microhardness and microscopical 
studies give good indications on the nature of the intermediate layers formed 
at the interface regions. 

In the case of ion plated chromium, both compound formation and 
inter-diffusion are the controlling mechanisms at the interface, since X-ray 
diffraction has indicated some peaks of CrAl,. Formation of this compound 
as a polycrystalline film has been reported after heat treating Al-Cr couples 
at 300-400°C, and deep penetration of ion plated chromium in aluminium 
substrates has been confirmed by AES studies (Poate et al., 1978). 

Annealing up to 500°C did not produce any continuous intermetallic 
phases in titanium coatings, although high values of hardness were obtained 
as a result of inter-diffusion. This is advantageous, whereas a brittle phase 
is detrimental to the coating—substrate properties. Thus, it appears that 
plasma processing without formation of intermetallic layers can improve the 
tribological properties of the coating—substrate combination by increasing 
hardness and adhesion. Formation of a continuous layer of brittle phases, 
on the other hand, has a damaging effect by reducing effective adhesion of 
the coating to the aluminium substrate. 
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10.23 Schematic representation of interface between coating A and 
substrate B: (a) uniform sharp interface, (b) compound formation, 
(c) interdiffusion with concentration gradient. 


10.7. Summary 


In a tribological contact situation, soft and hard coatings may be used 
to reduce friction/wear. With soft coatings, the aim is to confine friction 
losses to a thin film of low shear strength interposed between the contacting 
surfaces. Such films not only reduce the coefficient of friction, but also limit 
the variation in friction that is undesirable in some applications. Soft films, 
however, wear gradually and the protection is eventually lost. Hence, the 
greatest contribution surface layers can make in tribology is through hard 
coatings (Komvopoulos et al., 1987). 

It is well established that a wear resistant coating must have; (i) good 
adhesion to the substrate, (ii) high hardness, and (iii) the ability to withstand 
deformation of the substrate (Kramer, 1983). Coating adhesion is not considered 
a problem in plasma-assisted processes provided the sputter cleaning stage is 
well performed to remove the oxide film and to produce a graded interface. 
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The other two requirements are not totally independent from one another: 
higher hardness, in general, is accompanied by less ductility and therefore 
lower capacity for plastic deformation. It is therefore important to develop 
coatings with sufficient toughness. Since wear resistance is achieved through 
a combination of high microhardness with sufficient ductility, a compromise 
is sometimes necessary to be made between these two factors. Some evidence 
suggests that titanium nitride coatings with lower hardness impart better wear 
resistance on aluminium alloy substrate compared with harder coatings of 
the same thickness. 

Choice of the coating primarily depends on the proposed application 
and the counterface material. For applications where intermediate bearing 
pressures are involved, ion plated chromium may be suitable and, when 
low friction is required, metallic copper is preferred. On the other hand, for 
sliding situations against a hard material, titanium nitride of a thickness above 
Sum, or a lower thickness together with a titanium interlayer, appear to be 
appropriate coatings for aluminium alloys. A duplex process, incorporating 
PVD titanium and plasma nitriding, may be applied to impart both a moderate 
coefficient of friction and high wear resistance to aluminium substrates. Duplex 
treatments have the advantage of higher load bearing capacity, which is a key 
factor in coating development for aluminium substrates. This appears to be 
the future trend in surface engineering of aluminium alloys for tribological 
applications. 
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of light alloys 
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Abstract: Plasma immersion ion implantation (PIII) or plasma source ion 
implantation (PSII), which overcomes the line-of-sight limitation inherent to 
beam-line ion implantation is an important surface modification technique 
for light alloys. In this chapter, the processes and advantages of the PIII 
technique are introduced, which is followed by an up-to-date overview of 
the progress and current status of PIII surface modification of light alloys 
including Mg, Al and Ti alloys. The structural changes in light alloys after 
PIII and the resulting improvements in the corrosion resistance, surface 
mechanical properties, as well as biological performance of the treated 
alloys are described. New trends in PIII surface treatments are also 
discussed. 


Key words: light alloys, plasma immersion ion implantation, corrosion 
resistance, surface mechanical properties, biological performance. 


11.1 Introduction 


Plasma immersion ion implantation (PIII) or plasma source ion implantation 
(PSII) is a well established technique based on plasma science. The unique 
advantage of PIII is processing of samples with a complex shape, because 
the technique circumvents the line-of-sight restriction encountered in 
conventional beam-line ion implantation (Conrad, 1987; Tendys, 1988). 
As the typical implantation depth is quite shallow, generally about several 
nanometers to micrometers from the surface, PIII does not usually alter 
the bulk properties of the materials. Hence, this technique has become an 
important and effective method for the surface modification of various 
electrically conducting (Conrad, 1987; Liu, 2007a; Kostov, 2004; Poon, 
2005) and insulating materials (Zhang, 2006, 2007a; Powles, 2007). One 
of its important applications is surface modification of light alloys such 
as Mg-based, Al-based, and Ti-based alloys. In this chapter, the principle 
and advantages of PIII are introduced. A summary of recent progress in 
surface modification of light alloys, namely Mg, Al, and Ti alloys by PII 
is presented. The structural changes in these light alloys after undergoing 
PIII and the resulting corrosion resistance, surface mechanical properties, 
as well as biological performance of the treated alloys are described. New 
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trends pertaining to PIII surface treatment of light alloys are discussed at 
the end of the chapter. 


11.2. Processes and advantages of plasma 
immersion ion implantation (PIII) 


PIII was first introduced back in the mid-1980s by Conrad et al. (1987) 
and Tendys et al. (1988). Initially called plasma source ion implantation 
(PSII), this technique is now frequently referred to as plasma immersion ion 
implantation (PII) in order to distinguish it from conventional beam-line ion 
implantation. In PIII, the specimens are surrounded by a low temperature 
plasma and are pulse-biased to a high negative potential relative to the 
chamber wall, as illustrated in Fig 11.1. The ions generated in the plasma 
shroud are accelerated across the sheath formed around the specimens and 
are implanted into the surface of targets according to plasma physics. The 
ion energy and angle of incidence depend on the scattering mean free path, 
which is function of the plasma gas pressure, accelerating voltage, and sample 
topography. Owing to the absence of transport optics and mass selection, 
PIII can provide a high ion flux. The principle governing the PIII process 
depends on plasma physics and such details can be found readily in many 
books and references, such as those listed in the Section 11.8, Bibliography 
and so they will not be discussed here. In short, the advantages of PIII are 
described in the following (Chu, 1996): 
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11.1 Schematic diagram of the PIIl process. 
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(i) It is not subject to normal thermodynamic constraints such as impurity 
solubility. 

(ii) The instrumentation is simple and cheaper than traditional ion 
implanters. 

(iii) The implantation flux can be as high as 10'°cm™s"! and the implantation 
energy can vary from 10 to 10° eV. 

(iv) Non-planar samples can be implanted with good conformality and 
uniformity without special target manipulation. 

(v) Multiple processes, such as simultaneous and consecutive implantation, 
deposition, and etching can be carried out. 

(vi) Insulators can be treated. 


These unique characteristics make PIII very attractive for the modification 
of the surface properties of a myriad of materials. 


11.2.1 Gaseous PIll 


Both gaseous and solid ion implantation can be performed by means of PIII, 
which requires a low temperature and, typically, high-density plasma. In most 
applications, the plasma is produced by an electrical discharge. According 
to the nature of the implanted ions, they can be classified into gaseous 
plasma discharges such as radio frequency (RF) discharge and microwave 
discharge, glow discharge, and metal plasma discharge, as in the case of 
vacuum arc discharge. 

RF discharge can be classified into two groups according to the coupling 
of the RF power with the load: capacitive coupling and inductive coupling. 
The normal setup contains a RF generator, an antenna, and a matching 
network, as shown in Fig 11.2. Generally, the generator works at a frequency 
of 13.56 MHz, which is above the ion plasma frequency and below the 
electron frequency. Thus, electrons respond to the variation in the electric 
field, but ions experience the average field. The working pressure during 
discharge ranges from about 107' to 10000 Pa (Chu, 1996). The plasma 
density in the RF glow discharge during low-pressure discharge varies from 
10° to 10!! cm™ and can reach 10!* cm under medium pressures (1-100 
Torr) (Miyake, 2000). In low-pressure discharge, the ion mean free path is 
typically longer than the sheath dimension at the substrate, giving rise to 
collisionless conditions. The plasma potential of the RF discharge typically 
falls into the range of 10-30 V above the wall potential (Lieberman, 1994; 
Ehlers, 1979). 

Glow discharge is triggered by two methods: thermionic filament or pulsed 
high voltage emission. Thermionic discharge relies on electron emission from 
a hot cathode to ionize the background gas. Plasma generation requires the 
suitable selection of a cathode heated by a floating power supply. Refractory 


© Woodhead Publishing Limited, 2010 


Plasma immersion ion implantation (PIII) of light alloys 365 


Matching 
network 


RF cathode 


> 


Plasma 


—__ 
Ground anode 


11.2 Schematic diagram of a capacitively-coupled plasma sources 
with equivalent electrical circuit. 


metals are usually used as the filament cathode as they are easy to fabricate 
and have sufficiently low evaporation rates. The electron currents range from 
1 A to several kA, depending on the gas, plasma density, and plasma size. 
In addition, the applied voltage between the cathode and anode can be lower 
than the ionization energy and is usually in the range of 25-100 V, where the 
maximum of the ionization cross-section occurs for most gases (Lieberman, 
1994). In pulsed high-voltage glow discharge, the pulsed voltages play dual 
roles, namely generation of the plasma, and acceleration of ions through the 
sheath to the substrate. Since it works for many electrode geometries and 
gases, the method is very versatile. The pulsed high voltage generates a sudden 
electric field between the substrate (cathode) and surrounding system (anode). 
The emitted free electrons from the cathode are accelerated and collide with 
gas molecules or the anode. Ions produced during the collisions continuously 
strike the cathode to generate secondary ions, which are accelerated back 
into the discharge volume (Lieberman, 1994). 


11.2.2 Metal PIll 


Metal plasma immersion ion implantation needs a cathode arc discharge system, 
as shown in Fig 11.3. A typical cathodic arc plasma source comprises two 
parts: a plasma production unit and a macro-particle filter. The characteristics 
of arc discharge are relatively high current (tens or hundreds of Amperes) 
and low voltage (10-80 V) between the cathode and anode. The vacuum 
is sustained by materials originating from the cathode. As shown in Fig 
11.4, a small area on the cathode is heated by the arc and many particles 
together with a high density metal plasma are ejected. During the cathodic 
arc process, an ensemble of luminous cathode spots moves in a rapid and 
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11.3 Schematic diagram of a cathodic arc plasma source with a 
magnetic filter duct. 
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11.4 Particle emission from the arc spots (Lafferty, 1980). 
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chaotic manner across the surface. The plasma expands in all directions 
from the cathode spots towards the anode and vacuum chamber walls. The 
cathode spot is usually small, while producing an intense plasma with current 
densities of 10°-10!? A~ (Lieberman, 1994). The spot velocity is determined 
by factors including the nature of the cathode, residual vacuum, and external 
magnetic field. The ejected macroparticle size ranges from 0.1 to 100 um 
in diameter. The electron density in the cathodic plasma can reach 107° 
cm” and the expanding plasma produces a highly ionized jet with mean ion 
charges state greater than 1+ for many elements. A curved duct filter with 
a magnetic field is usually utilized to mitigate particle contamination from 
the arc. Another aim of the filter is to increase the plasma transportation 
efficiency through the duct, and an optimized 90° curved duct can achieve 
plasma transport efficiency of about 35% (Schulke, 1997). In metal PIII, the 
metal ions condense on the material’s surface as a film in the time duration 
between the high voltage pulses. Ions accelerated by the high voltage bias 
pulses bombard the deposited metal atoms, giving rise to recoil implantation. 
This affects the elemental depth profiles which may deviate from the usual 
Gaussian-like shape (Schulke, 1997). 


11.2.3 Hybrid PIll processes 


Many researchers, such as those in City University of Hong Kong, have 
developed several hybrid processes such as PIII/nitriding (PII[&N) and PII/ 
deposition (PIII&D). In order to perform these hybrid processes, different 
types of hardware have been designed. The gaseous plasma is usually produced 
inductively or by capacitively coupled radio-frequency plasma sources as 
well as hot filament glow discharge plasma sources, and sustained by direct 
high-voltage glow discharge between the chamber wall and the target (Tian, 
200 1a). In the City University of Hong Kong instrument, four sets of filtered 
cathodic arcs are used to generate various metal ions free of macroparticles. 
The sputtering system can be operated either by RF or DC, even when high- 
voltage pulses are applied to the samples. There is also an evaporation system 
for solid elements such as calcium, phosphorus, and sodium that are difficult 
to handle using conventional cathodic arcs (Li, 2003). A schematic of the 
evaporation system is displayed in Fig 11.5. Evaporation of the powders 
is accomplished by filament heating and the solid entering the chamber is 
further ionized by the RF. The high-voltage switch is hard-tube-based and the 
pulsed voltage, pulsed frequency and pulsing phase relative to the vacuum 
arc phase can be flexibly adjusted to optimize various processes. In addition, 
a high frequency/low frequency modulator has been developed for plasma 
nitriding or sample biasing during physical vapor deposition (Tian, 2004). 
Both PHI&N (Tian, 2000a, 2000b) and PIII&D (Tian, 1999, 2001b) process 
have been successfully conducted using this facility (Bilek, 2000). 
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11.5 Schematic illustration of evaporation in the PIll and PIII&D 
processes. 


Plill/nitriding (PII&N) 


In conventional nitriding processes, nitrogen must first absorb onto the sample 
surfaces and then diffuse into the substrate by thermal effects and the established 
concentration gradient. The surface conditions and materials’ species play 
a critical role on the effective particle flux arriving at and penetrating the 
materials’ surface. For example, it is quite difficult for nitrogen to penetrate the 
surface oxide barrier on aluminum alloys or stainless steels since N possesses 
quite small diffusion coefficients in the dense oxide layers. Consequently, a 
higher sample temperature is required but this may degrade certain properties. 
In the PIII/nitriding process, the mechanism of particles trapped on the top 
surface can be altered. The absorption and reaction mechanisms in conventional 
plasma nitriding still play an important role, but the direct penetration of high 
energy particles by implantation is responsible for subsequent diffusion. In 
this way, the processing temperature can be lowered without compromising 
the resulting surface properties (Bilek, 2000). 


PIII/Deposition (PIIT&D) 


PIN&D, which is low-temperature process, is a variation of the conventional 
ion beam assisted deposition technique. The major difference lies in the 
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acceleration mechanism of impinging ions and the non-line-of-sight process. 
The ions can be generated by sputtering, evaporation, cathodic arc, etc. 
During PIN&D, typical multiple plasmas are used. It is common to have 
gas plasmas composed of one or more species, and for metal plasmas to be 
generated simultaneously in the same vacuum chamber. The implantation 
process can be performed before deposition to form a gradient layer, and 
simultaneous deposition and implantation can also be carried out. By adjusting 
the durations of the high voltage (implantation process) and low voltage 
(deposition process), flexible processes can be carried out to optimize the 
surface properties of the modified layer (Bilek, 2000). 


11.3 PIll surface modification of titanium (Ti) alloys 


Titanium and its alloys are widely used as structural materials in aerospace 
and aeronautic crafts due to their high strength-to-weight ratio and high 
temperature resistance (Jackson, 2006; Naka, 1996). Usually, the corrosion 
resistance of Ti alloys is good, due to the naturally-formed dense and corrosion 
resistant surface titanium oxide layer. Another important application of Ti- 
based alloys is for orthopaedic implants, such as bone screws, bone plates 
and artificial hip joints, due to their excellent biocompatibility, mechanical 
strength, and chemical stability (Niinomi, 2008). Figure 11.6 shows one set 
of bone fixation implants — bone screws, and a bone plate for fixation of a 
fractured bone (Liu, 2004a). 

According to their applications, special surface treatments are usually 
required. In industrial applications, treatments to enhance the corrosion 
resistance and tribological properties are usually carried out. Titanium- 
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11.6 Bone plate and bone screws made of titanium (Liu et al/., 2004a). 
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base implants are generally considered to be bio-inert in a physiological 
environment, as the naturally-formed titanium oxide can hardly induce 
growth of hydroxyapatite (HAP) from body fluids, leading to formation 
of fiber capsule around the implant (Long, 1998). Thus, a suitable surface 
treatment needs to be performed in order to improve the ability to induce 
precipitation HAP (named bioactivity or bone conductivity) and enhanced 
osteoblast adhesion (biocompatibility). 


11.3.1. Influence of PIII process on corrosion and surface 
mechanical properties 


Nitriding is found to be very effective for enhancing the surface hardness and 
wear resistance of titanium alloys (Zhecheva, 2006; Sha, 2008; Pohrelyuk, 
2007). Thus, nitrogen PIII can improve the tribological properties of titanium 
alloys. The formation of a hard and dense TiN layer is responsible for 
enhancement of surface hardness and wear resistance. Without substrate 
heating, the modified layer is usually several tens of nanometers thick, 
depending on the applied voltage. Heating the substrate will lead to diffusion 
of the implanted N, and N can penetrate more than one hundred nanometers 
(Mandl, 2007). As shown in Fig 11.7, pure nitrogen implantation usually 
causes recoil implantation of C-H contamination from the surface, but the 
utilization of a gas mixture of N,/H, can exclude C implantation (Lacoste, 
2002). Hence, N>/H, mixtures with various volume ratios are usually adopted 
in practice. Implantation also induces changes in the surface morphology. 
As demonstrated in Fig. 11.8, the untreated sample typically exhibits a two 
phase structure, the matrix and # phase. After pure nitrogen implantation, 
the two phases are more evident and the bright structure (8 phase) becomes 
rougher. This is natural in PIII treatment as PIII induces slight sputtering of 
the surface. Implantation using N./H, results in complete modification of the 
surface morphology suggesting more severe sputtering-induced damage. 

The influence of nitrogen PHI on the surface mechanical properties of Ti- 
6AI-4V has been systematically investigated (Ueda, 2003). Figure 11.9 shows 
that the near surface possesses the highest hardness, which is several times 
higher than that of the substrate. In deeper sites, increased hardness (~70%) 
is observed, even at depths eight times that of the maximum penetration 
of nitrogen (30 nm). The increased dose results in higher hardness, but we 
believe that a treatment time longer than 2 h (corresponding to the highest 
dose in Fig. 11.9) poses little influence on the surface hardness. Although 
the modified layer is very thin (about 30 nm), a reduction of the coefficient 
of friction of about one third can be obtained compared with the untreated 
samples. 

The influence of nitrogen PII on the corrosion resistance of Ti-6A]-4V has 
also been studied (da Silva, 2007). Different kinds of nitrogen PIII processes, 
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11.7 Depth profiles of Ti, O, N and C measured by XPS in titanium 
after PIIl using Ny and No + Ho (Pyyz:PH2 = 5:4), respectively (Lacoste et 
al., 2002). 


(a) — (b) 


11.8 SEM images of the Ti-6AI-4V alloys: (a) untreated sample; 
(b) after PIIl processing using No; (c) after PIll processing using N2/H2 
mixture (da Silva et al., 2007). 
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11.9 Surface hardness of Ti-6AI-4V subjected to nitrogen PIIl at a bias 
voltage of 20 kV as a function of penetration depths. (Ueda et al., 
2003). 


such as pure N, implantation and N,/H, co-implantation (with different gas 
ratios) have been performed. Electrochemical tests reveal that all these PIII 
processes do not improve the corrosion resistance of the treated alloys. On the 
contrary, they all pose slightly deleterious effects. More negative corrosion 
potentials are observed on all the treated samples and the passive current 
densities are all about ten times higher than that of the untreated sample, as 
shown in Fig 11.10. 

Oxygen and carbon PIII have also been performed on Ti-6AIl-4V. The 
structure evolution after implantation has been investigated (Han, 1996). 
Carbon implantation can also improve the surface mechanical properties of 
the treated sample, whereas oxygen implantation seems to be more effective 
in enhancing the corrosion resistance of Ti alloys (Loinaz, 1998). 


11.3.2 Modification of Ti alloy by PIll for biological 
applications 


As aforementioned, Ti-based implants are typically bio-inert in a physiological 
environment. PIII has been extensively employed to engineer a functional 
surface on Ti-base implants. It is well accepted that Ti-OH groups play an 
important role in the bioactivity of Ti-based implants. The mechanism of 
the Ti-OH groups inducing precipitation of HAP is illustrated in Fig. 11.11. 
The surface with Ti-OH groups is negatively charged in a physiological 
environment, with a pH of around 7.4. The negatively charged surface 
attracts positively charged Ca** ions, forming positively charged calcium 


© Woodhead Publishing Limited, 2010 


Plasma immersion ion implantation (PIII) of light alloys 373 


Potential (Vag/agci) 


-0.5- 


-1.0- 
Se a ec rr 
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 

Current density (A.cm~?) 


11.10 Potentiodynamic polarization curves of Ti-6AI-4V subjected to 
PIll at a bias voltage 11 V and substrate 400°C: N, pure Np, PIll; N-H; 
PIll with Nj and Hy mixture gas (da Silva et al., 2007). 
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71.11 Illustration of HAP precipitation process on the surface with Ti- 
OH groups (Kokubo et al., 2003). 


titanate on the surface. With accumulation of positive charges on the surface, 
the surface becomes positively charged, consequently attracting negatively 
charged phosphate ions. The absorbed Ca”* and phosphate ions combine 
to form apatite (Kokubo, 2003). The HAP then grows by consuming more 
Ca’* and phosphate ions from the surrounding body fluids. Thus, fabrication 
of surface Ti-OH groups is an effective way to enhance the bioactivity of 
titanium-based implants. Hence, H, and H,O PIII have been conducted into 
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titanium (Xie, 2005). Ball-like HAP clusters are observed on the surface of 
sample after H, + H,O PIII and soaking in synthetic body fluid (SBF) for 
only 14 days (see Fig. 11.12). The dramatically increased Ti-OH groups 
after H, + H,O implantation can be clearly discerned by XPS analysis, as 
shown in Fig. 11.13. The increased number of Ti-OH groups accounts for 
the improved bioactivity. 


11.12 SEM views of H2+H,0 PIll of pure titanium after soaking in SBF 
for 14 days (Xie et al., 2005). 


O1s 
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11.13 High resolution XPS O1s spectrum acquired from pure titanium 
before (a) and after (b) H. + H,O implantation (Xie, 2005). 
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Ca is a biological active element in bone tissue growth. Much work 
has been carried out to investigate the effect of Ca PII on the biological 
properties of titanium alloys. However, due to the low melting point and 
high activity of Ca, PIII of Ca via the traditional approach is very difficult. 
Ca, P and Na implantation has been successfully performed by Liu and co- 
workers (2004b) using the evaporation system stated above (see Fig. 11.5) 
as confirmed by the XPS results in Fig. 11.14. However, the XPS results 
also imply that deposition is inevitably present during implantation. Thus, 
this treatment should be described as PHI&D. Later, they utilized PHI&D 
to fabricate a thick modified layer with a thick deposition layer (about 0.5 
tum in thickness) and implantation layer (about 0.6 um), as shown in Fig. 
11.15. The modified layer has a bi-layered structure with the top layer being 
calcium hydroxide and the inner layer being calcium titanate, as schematically 
shown in Fig. 11.16. In the vacuum chamber, the top layer after PIII&D 
is mainly composed of CaO. When exposed to air, CaO turns into calcium 
hydroxide and/or carbonates. The SEM views (Fig. 11.17) demonstrate 
that the original smooth surface becomes very rough, with many ball-like 
protuberances. After soaking in SBF for 14 days, needle-like HAP covers 
the entire surface of the treated sample (Fig 11.18). 

The good bioactivity of the PII[&D titanium alloys are considered to be 
associated with the dissolution of the top calcium hydroxide layer. The increased 
Ca ion concentration in the vicinity and local pH both benefit nucleation of 
HAP. The biological response of the Ca implanted titanium alloys has also 
been studied by in vivo and in vitro experiments. The Ti surface implanted 
with Ca enhances the expression of certain bone-associated components and 
promotes MG-63 cell adhesion and spreading. Jn vivo experiments show 
that bone formation on the Ca implanted surface is superior to that of the 
untreated one (Liu, 2005). Using the same equipment, Na and P PIII has also 
been carried out. No obvious cytotoxicity effects are discovered (Liu, 2005; 
Maitz, 2005) whereas good bioactivity is observed from the Na implanted 
samples. In comparison, only a small improvement in bioactivity is observed 
from the P implanted samples (Liu, 2004b). 

Modification of the biological properties of titanium using PII and PHI&D 
is effective and promising. The advantage is that the modified layer bonds 
strongly to the substrate as there is no distinctive interface between the 
modified layer and substrate. However, more effective processes and better 
understanding of the corresponding mechanism are still required. 


11.4 PIll surface modification of magnesium (Mg) 
alloys 


Magnesium and its alloys possess many unique properties, such as low density, 
high specific strength and good electromagnetic shielding effects. They are 
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11.15 XPS depth profile of pure titanium after Ca PIII&D (Liu, 2005). 
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11.16 Schematic illustration of the structure of titanium subjected to 
Ca PIII&D. 


therefore attractive for many applications in transportation, aerospace, and 
electronics (Hort, 2006; Kaufmann, 2001). As magnesium and its alloy 
can degrade in a physiological environment by corrosion, they also play 
an important role in biodegradable implants (Staiger, 2006). However, 
magnesium is chemically very active. The naturally-formed MgO (or 
Mg(OH),) layer is loose and cannot provide adequate protection to suppress 
further corrosion of the substrate. Therefore, magnesium alloys usually have 
poor corrosion resistance (see Chapter 1 for more details). In addition, the 
surface mechanical properties of magnesium alloys are usually unsatisfactory. 
In practical applications, suitable surface treatments are necessary. Surface 
modification of magnesium alloys falls mainly in two families, namely (i) 
coating the base materials by anodizing, plasma electrolytic oxidation (PEO), 
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11.18 SEM views of Ca-PIII&D treated titanium after soaking in SBF 
for 14 days (Liu, 2005). 


chemical conversion coating and various ceramic coating (Xin, 2008) and 
(ii) ion implantation (Zhang, 2007b). Fabrication of a coating may provide 
better corrosion protection, but the adhesion strength is a crucial issue. 
Usually, ion implantation generates a gradient layer which does not easily 
delaminate from the substrate. However, ion implantation can usually provide 
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only moderate effects on the corrosion resistance and surface mechanical 
properties. Thus, the choice of surface modification techniques should take 
into account various needs. As such, surface treatments of Mg alloys by PIII 
can be classified into two groups: gaseous PIII and metal PIII. 


11.4.1 Gaseous PIll of magnesium alloys 


Implantation of gaseous ions aims at fabricating a barrier layer on the surface 
to block attack from aggressive ions in the environment. Up to now, oxygen, 
hydrogen, and nitrogen have been implanted into magnesium alloys. MgH, 
formed by electrochemical ion reduction (EIR) can significantly improve the 
corrosion resistance of magnesium alloy (Bakkar, 2005). Researchers have 
tried to generate a denser MgH, barrier layer via hydrogen PII (Bakkar, 
2005). Hydrogen implantation conducted at a bias voltage 30 kV and substrate 
temperature of 200°C leads to a penetration depth of about 200 nm for H in 
AZ91 magnesium alloys, as shown in Fig 11.19. 

The potentiodynamic polarization results in Fig. 11.20 show that the 
corrosion potential of the treated pure magnesium is positively enhanced by 
more than 200 mV. The improvement in the corrosion resistance is more 
obvious in the PITT AZ91 magnesium alloy, with an enhanced corrosion 
potential of nearly 300 mV. Another significant change is the dramatically 
enhanced pitting corrosion potentials. The electrochemical test also implies 
that both the hydrogen PIII pure magnesium and AZ91 magnesium alloys 
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11.19 SIMS analysis of H distribution in pure magnesium subjected 
hydrogen PIll at 30 kV and substrate temperature of 300°C (Bakkar, 
2005). 
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11.20 Potentiodynamic polarization curves of pure magnesium 
(a) and AZ91 magnesium alloy (b): hydrogen PIll at 30 kV; H-EIR, 
electrochemical ion reduction. (Bakkar, 2005). 


exhibit better corrosion resistance than samples treated by the EIR treatment. 


However, in our experiments, it was also found that the implantation 
voltages play an important role in the modification effects. Below 30 kV, 
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no improvement in the corrosion resistance could be obtained. This could 
be readily observed by in situ observation of the samples immersed in the 
test solution (simulated body fluids, SBF). As shown in Fig. 11.21, when 
exposed to the SBF, serious corrosion takes place immediately on the sample 
treated at 20 kV, but the magnesium alloy implanted at 30 kV is stable even 
after 1 day of immersion and only small corrosion sites can be seen. The 
potentiodynamic polarization test results shown in Fig. 11.22 are in good 
agreement with the results from in situ observation. The corrosion potential 
of the sample treated at 30 kV is enhanced by more than 200 mV, whereas 
no obvious enhancement in the corrosion potential can be seen from the 
sample after 20 kV PIII. 

Tian et al. have investigated the effects of nitrogen implantation on the 
corrosion behavior of magnesium alloys (Tian, 2005). The electrochemical 
test results in Fig. 11.23 show enhanced corrosion potential after nitrogen 
PIII. However, both the implantation voltage and dose affect the corrosion 
resistance. The corrosion resistance is not very good for both very low (M-22) 
and very high doses (M-44). It is believed that N implantation can result in 
the formation of Mg3N> (Fukumoto, 2001). However, Mg3N>; is sensitive to 
atmospheric modification and a high amount of Mg;N, will pose negative 
effects on the corrosion resistance. Thus, the enhanced corrosion resistance 
is ascribed to the compactness of the loose natural oxide layer and ion 
irradiation effects. It is also conjectured that the excess ions agglomerating 
and moving to the interface during high dose implantation make the surface 
more active. 

Researchers have also tried to fabricate dense oxide layers on magnesium 
by oxygen implantation and/or water PHI (Wan, 2007; Tian, 2006). As 
shown in Fig. 11.24, implantation of oxygen leads to enhancement in the 


(a) ) (b) 


11.21 In situ corrosion morphology observation of AZ91 magnesium 
alloys subjected hydrogen PIll: (a) implantation at 20 kV after 
exposure in SBF for 5 min; (b) implantation at 30 kV after exposure 
in SBF for 1 day. 
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11.22 Potentiodynamic polarization curves of hydrogen PIll of AZ91 
magnesium alloy: H-PIII-20, hydrogen PIll treatment at voltage 20 kV; 
H-PIII-30, hydrogen PIll treatment at voltage 30 kV. 
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11.23 Potentiodynamic polarization curves of AZ91 magnesium alloy 
after nitrogen PIll: Mg-00, untreated alloy; Mg-22, nitrogen PIll at 

20 kV voltage for 4 h; Mg-42, nitrogen PIll at 40 kV for 2 h; Mg-44, 
nitrogen PIll at 40 kV for 4 h. (Tian, 2005). 
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11.24 Mg 2p and O 1s core level XPS spectra of untreated and 
oxygen PIll processed Mg: PIIl-1, oxygen PIll at voltage 20 kV for 

0.5 h; PIll-2, oxygen PIll at voltage 20 kV for 1 h; PIll-4, oxygen PIll at 
voltage 20 kV for 4 h. (Fukumoto, 2001). 


binding energy of Mg-O and the binding energy increases with increased 
implantation dose. Ion bombardment also induces a smoother surface. In fact, 
the higher the implantation dose, the smoother is the surface. The oxygen 
PIII magnesium alloys exhibit interesting changes of corrosion performance 
in different test solutions. Low dose implantation results in more negative 
corrosion potentials in a phosphate buffer solution (PBS). However, the 
higher implantation dose also degrades the corrosion potential, while a five 
orders of magnitude reduction in the corrosion current density is present. 
The chloride ion concentrations also affect the effects of oxygen PIII. In the 
solution containing a high concentration of chloride ions, dramatic degradation 
in the corrosion resistance takes place. This behavior is probably associated 
with the attack by chloride ions onto the Mg-O bonds. The chloride ions 
can transform the magnesium oxide ions into soluble magnesium chloride 
as follows (Song, 2003): 


Mg + 2H,O > Mg(OH), + H> [11.1] 
Mg(OH), + Cl > MgCl, + 2 OH” [11.2] 


Dissolution of magnesium oxide leads to more active regions on the surface 
and promotes further dissolution of the substrate. In a high concentration 
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of chloride ions, attack by aggressive chloride ions mitigates the protection 
efficiency of magnesium oxide. 

Gaseous PIII can only enhance the corrosion resistance to a certain extent. 
Among the gases, hydrogen implantation appears to be more effective. It can 
induce the formation of corrosion-resistant MgH). Nitrogen implantation and 
oxygen implantation result in the formation of non-corrosion-resistant Mg3N> 
and MgO. The limited enhancement in the corrosion resistance is thought 
to arise from irradiation effects and surface compactness. The mechanical 
property changes after gas ion implantation are seldom covered in current 
publications 


11.4.2 Metal PIIl of magnesium alloys 


It is well known that metal alloying elements affect both the mechanical 
properties and corrosion resistance of magnesium alloys. Many metal elements 
have therefore been implanted into magnesium alloys to achieve surface 
alloying. In conventional alloying processes, the contents of incorporated 
alloying elements depend on the solid solubility of elements in the substrate. 
However, in PII, the amounts of alloying elements are not limited by solid 
solubility, leading to supersaturation of the alloying elements in the near 
surface. This process induces dramatic changes in the surface properties 
compared to conventional alloying processes. Metal PIII of Al, Ti, Zr, Ag 
and Ta have been studied. 

Aluminum is an important alloying element in magnesium alloys. The 
incorporation of Al not only enhances the mechanical properties, but poses 
great influence on the corrosion resistance. It is generally accepted that a 
higher content of Al will lead to better corrosion resistance. However, the 
sensitivity of stress corrosion increases with higher Al contents. Variations 
in the surface properties after Al implantation have been reported (Liu, 
2007a; Lei, 2007). The Al content in the surface increases to about 30% 
after Al PIII, as shown in Fig. 11.25. The penetration depth of Al exceeds 
100 nm. A high resolution Al 2p XPS spectrum (Fig. 11.25b) reveals that at 
depths below about 40 nm, Al is mainly in the form of Al,O3 and at depths 
between 40 and 60 nm, aluminum oxide and metallic Al co-exist. At depths 
over 60 nm, only metallic Al is present. Generally, PHI is not conducted at 
ultra-high vacuum, and residual oxygen is implanted into the substrate at 
the same time. Formation of the aluminum oxide should be related to the 
incorporation of Al and implanted O. The corrosion resistance of Al-implanted 
AZ91 magnesium alloys has been evaluated by electrochemical impedance 
spectroscopy (EIS). The total impedance value of the Al-implanted sample, 
is about ten times higher than that of the untreated sample as shown in Fig. 
11.26. The dramatically improved corrosion resistance is considered to result 
from the formation of a large amount of Al,O3. Al implantation can also 
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11.25 XPS depth profile and Al fine scanning spectra obtained from 
AZ91 magnesium alloys subjected Al PIll at bias voltage 10 kV for 
4 h: sputtering rate ~ 20 nm/min referenced to SiO, (Liu, 2007b). 
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11.26 Electrochemical impedance spectra (EIS) of AZ91 magnesium 
alloy subjected Al, Ti and Zr Pill in SBF: AI-PII&D, Al PIll at 10 kV for 
4h; Ti-PIN&D, Ti PIIl at 10 kV for 4 h; Zr-PIII&D, Zr Pill at 10 kV for 4h 
(Liu, 2007b). 
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enhance the wear resistance of magnesium alloy (Lei, 2007). Conventional 
ion beam implantation of Al via MEVVA (dose 2 x 10!° ions/cm?) can reduce 
the wear rate by 30-40% compared to the untreated alloy. However, no such 
investigation upon Al PIII has been attempted, to our knowledge. 

Zr is also an important alloying element in magnesium alloys. Addition 
of Zr not only enhances the strength of magnesium alloys but also yields 
higher corrosion resistance. Liu et al. (2007a) have investigated the effects 
of Zr PIII on the corrosion resistance of AZ91 magnesium alloys. Similarly 
to Al PIII, Zr PHI produces a thick modified layer about 100 nm thick, as 
shown in Fig. 11.27. High resolution spectra also reveal the formation of 
ZrO at the near surface. Enhanced corrosion resistance is observed in the 
EIS measurement, as shown in Fig. 11.26. As Ti is a biologically friendly 
element, Liu has also tried to conduct Ti PHI on AZ31 magnesium alloy, 
to suppress the fast degradation rates in a physiological environment (Liu, 
2007b). An electrochemical test in SBF also disclosed improved corrosion 
resistance to some extent, but it was not as effective as with Al PIII. In the 
depth profiles of a PIlI-treated sample, it is noted that Al PIII and Zr PHI 
of AZ91 magnesium alloy both lead to much smaller contents of Mg in the 
modifier layers. Reduction in the active magnesium is also responsible for 
the improved corrosion resistance. 

It can be concluded that metal implantation into magnesium alloys is 
effective to improve both the corrosion resistance and surface mechanical 
properties. Improvement in the corrosion resistance is often related to the 
formation of a corrosion resistant metal oxide and the dramatically reduced 
Mg content in the top surface layer. 
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11.27 XPS depth profile and high resolution spectra of Zr 3d spectra 
of AZ91 magnesium alloy subject Zr Plll at a bias voltage 10 kV for 
4h: Sputtering rate 5.6 nm/min referenced to SiO, (Liu, 2007b). 


© Woodhead Publishing Limited, 2010 


Plasma immersion ion implantation (PIII) of light alloys 387 


11.5 Pill surface modification of aluminum (Al) 
alloys 


Al alloys have high strength-to-weight ratio and good formability, and have 
many applications in the aviation, space, as well as in automobile industries 
(Maddox, 2003; Wang, 1995). The corrosion resistance of Al-based alloys 
is generally considered to be good due to the native aluminum oxide surface 
layer. However, many of their applications are limited by the poor surface 
mechanical properties, such as low hardness and low wear resistance (see 
Chapter 1). Therefore, surface modification is conducted to enhance the surface 
mechanical properties. The most popular surface treatments are nitriding and 
PEO. Studies on PIII treatment of Al alloys are less common. 

Al,03 has good tribological properties such as high hardness and wear 
resistance and a low friction coefficient. However, the naturally formed 
alumina layer on Al alloys is only several nanometers in thickness. Oxygen 
PII has been carried out to fabricate a thicker aluminum oxide layer (Bolduc, 
2003). The tribological properties of oxygen PII-treated pure aluminum and 
alloyed aluminum (AA7075) are optimized by controlling the implantation 
dose. As shown in Fig. 11.28, the penetration depths of O at the bias voltage 
are around 90 nm, independent of implantation dose. The higher implantation 
dose results in increased O content across the modifier layer. It is noted 
that the depth profiles of O in the pure aluminum and AA7075 alloys are 
also similar for the same implantation dose. Evolution of the implantation 
dose may be observed up to near the saturation dose of 2.0 x 10!” O/cm? 
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11.28 XPS depth profile of O pure Al and AA7075 subjected to 
oxygen PIll at low temperature with various doses (Bolduc, 2003). 
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(triangles), which almost corresponds to stoichiometric Al,03. SEM views of 
pure Al after oxygen PIII at the saturation dose are displayed in Fig. 11.29. 
Many nano-scale Al,O3 balls, about 20 nm in diameter, cover the whole 
surface. Oxygen PIII results in great changes in the surface mechanical 
properties, depending on the implantation dose. Changes in the surface 
mechanical properties of the two substrates as a function of implantation 
doses are demonstrated in Fig. 11.30. The highest hardness (about twice that 
of the untreated one) of treated AA7075 alloy occurs at a dose of 1.2 x 10!” 
O/cm”, corresponding to 70-80% oxide. When the implantation dose increases 
to the saturation dose, the hardness dramatically drops, but it is still higher 
than that of the untreated. For pure Al, the hardness is independent of the 
implantation dose and is about twice that of the untreated one. The friction 
coefficients of both the pure Al and AA7075 alloy are about half of that of 
the untreated sample, and both are independent of implantation doses. The 
scratch depths observed from the oxygen PIII AA7075 alloy are reduced 
greatly at all loads, 30 UN, 20 UN, 10 UN. 

Diamond-like carbon films (DLC) possess many unique properties, such as 
ultra-high hardness and low friction coefficient, and are desirable as coating 
materials (Hainsworth, 2007; Robertson, 2002). PIII&D is an attractive process 
to prepare adhesive DLC coatings on various substrates in order to impart 
their unique properties (Ensinger, 2006). Pre-implantation can generate a 
gradient layer that can release the stress resulting from the serious mismatch 
of mechanical properties between the DLC and substrate. High-voltage 


11.29 SEM view of pure Al after oxygen implantation at a saturation 
dose 2 x 10'” O/cm? (Bolduc, 2003). 
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11.30 Surface mechanical properties of pure Al and A7075 alloy 
subjected to implantation at a bias voltage 30 kV with various doses: 
Implantation is denoted as implantation dose (Bolduc, 2003). 


implantation between deposition cycles also benefits the growth of a compact 
and adhesive DLC coating. DLC coating has been successfully fabricated 
on pure aluminum via PII[&D (Xu, 2006) and the structural changes with 
processing parameters have been systematically investigated. The Raman 
spectra as a function of implantation voltage are shown in Fig. 11.31. The 
Raman spectrum of DLC is different from that of diamond C at 1332 cm! 
and that of single crystalline graphitic C at 1580 cm"! (Liao, 2004a). The 
spectra can be deconvoluted into two bands identified as G and D, centered 
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11.31 Raman spectra of the carbon films prepared for 3 h on Al as a 
function of implantation voltage: (a) 5 kV; (b) 10 kV; (c) 30 kV; 
(d) 50 kV (Liao, 2004b). 


at about 1545 and 1362 cm”!. The ratio of the G to D intensities (denoted 
as the integral area under the D and G bands) /p/Ig is roughly proportional 
to the ratio of sp*/sp* bonds. The ratio of sp?/sp? ([p/Ig) is one of the most 
important factors governing the quality of the DLC films. Generally, the lower 
the ratio, the closer the properties of the DLC films are to those of diamond. 
The spectrum of the sample produced at a bias voltage of 5 kV shows a broad 
and symmetrical band centered at 1560 cm’, which differs from that of DLC 
films, and it corresponds to polymer-like carbon. The spectra at 10, 30 and 
50 kV are all typical DLC films. It is obvious that in the range of 5-10 kV, 
there is an important voltage threshold value for the formation of the DLC 
film. The three DLC films are also different with each other according to 
the deconvoluted spectra. As the voltage increases from 10 to 50 kV, Ip/Ig 
shifts from 1.06 to 0.93 and then to 1.55. These changes correspond to the 
change of the ratio of sp’/sp? resulting from the different ion bombardment 
energy. Below 30 kV, increased ion bombardment induces disorder in the 
C structure leading to increment of the sp? bonds. However, when the ion 
energy is too high, the ions may damage the sp* bonds. Therefore, there is 
an optimal energy favoring sp* formation. 

The morphologies and roughness of the DLC fabricated at different 
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voltages also differ from each other (see Fig. 11.32). As the voltage increases, 
the morphologies become smoother and more compact. The changes in the 
morphology and roughness are related to the different ion bombardment 
effects at different energies. The hardness values of the fabricated DLC films 
are demonstrated in Fig. 11.33. These changes in the hardness is consistent 
with the change in /p//g at different implantation voltages. The higher content 
of sp? results in higher hardness. 

PIII has also been used as a pre-treatment process to generate a gradient 
layer for subsequent deposition of the coating (Knight, 1989; Liao, 2004b). 
C PIII and N PIII have been used to fabricate a gradient layer for subsequent 
deposition of DLC and TiN, respectively. This PHI pre-treatment process is 
found effective for enhancing the load-bearing capacity and bonding strength 
of the deposited coating. 

Studies on PIII surface modification of Al have not been extensive. This 
PIII process is more often used as a pre-treatment process or is combined with 
other techniques in deposition and nitriding. The development of effective 
hybrid treatments is promising for future studies and applications. 
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11.32 AFM morphologies and roughness of carbon films fabricated 
on Al substrate as a function of implantation voltage: (a) 5 kV; 
(b) 10 kV; (c) 30 kV; (d) 50 kV (Liao, 2004b). 
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11.33 Surface hardness of carbon films on Al as a function of 
implantation voltage (Liao, 2004b). 


11.6 Future trends 


PIII is an important surface modification technique for the surface treatment of 
light alloys. The main advantage is its non-line-of-sight nature as compared to 
beamline ion beam implantation, allowing treatment of samples with complex 
geometries. In addition, the modified layers possess good bonding strength 
with the substrate, as there is no distinct interface between the modified layer 
and substrate. Ion penetration is usually very shallow, typically ranging from 
tens of nm to more than 100 nm, depending on the nature of the substrate, 
implantation voltage, and substrate temperature. Processing parameters such 
as the implantation dose, implantation voltage, frequency, pulsing duration, 
and substrate temperature all affect the treatment. 

For Ti alloys, PIII can enhance the corrosion resistance and surface 
mechanical properties. However, the modified layer is usually too thin to 
satisfy the stringent requirements imposed by industry. PHI of biomedical 
Ti alloys to improve the biological performance, such as bioactivity and 
biocompatibility, is effective and promising. As the interactions between 
tissues and implants proceed at the interface, the functions of the generated 
functional layers are not limited by the thickness of the modified layers. 
Magnesium alloys are too active chemically, and the thin modified layer 
usually cannot provide satisfactory protection to the substrate. Therefore, in 
practical applications, PHI is not a good choice. In surface modification of 
Al alloys, hybrid treatments combining PIII and other techniques, such as 
deposition and nitriding, are promising applications. The choice of proper 
PII techniques should consider the alloys and optimization of processing 
parameters such as the implantation dose, voltage, frequency, and pulsing 
duration, in order to achieve the best effects. 
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Development of PIII as an effective surface modification technique for 
light alloys in the future may fall in two categories, namely fabrication of 
a functional modified layer and development of hybrid PIII processes. The 
high energy of the implanted species benefits generation of various functional 
layers with unique properties, as well as good adhesion with the substrate. 
On the other hand, the development of PIII-based hybrid processes can 
generate much thicker modified layers with dramatically enhanced surface 
properties. Development of more effective PIII-based hybrid processes will 
lead to wider applications in surface modification of light alloys. 
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Laser surface modification of titanium alloys 


T. N. BAKER, University of Strathclyde, UK 


Abstract: The laser surface engineering of titanium alloys has been 
developed over the past thirty years to produce a modified layer up to 1mm 
in depth, thicker than alternative techniques. Continuous wave CO, lasers 
have been the main lasers used for both surface cladding and alloying. 

Much of the early work was based on laser nitriding forming titanium 
nitrides throughout the molten pool. Subsequent alloying developments have 
included the incorporation of carbides, nitrides, oxides and silicides; and also 
intermetallics and rare earths, added as powders. Laser processing can now 
tailor surfaces with superior tribological and erosion resistant properties, 
compared with the untreated titanium alloys. 


Key words: laser melting, cladding, alloying, microstructure, tribological 
properties. 


12.1 Introduction 
12.1.1 Why use titanium alloys? 


Titanium alloys have been developed widely as commercial alloys for over 
60 years, fulfilling the requirement for materials with high strength-to-weight 
ratios at elevated temperatures, initially used in the aerospace and defence 
industries. Over 80% of titanium alloys are used in these industries, mostly 
in the wrought form, but many other applications are restricted due to their 
poor tribological and oxidation properties, and high relative cost, which is 
about five times that of steels and aluminium alloys. 

Titanium and its alloys have excellent corrosion resistance in rainwater 
and sea water environments, through the formation of protective oxide films. 
These films have been recognized and utilized by the chemical industry and 
also have led to applications in dentistry and by the medical profession in 
prostheses for implanting in the human body. Titanium has a high melting 
point, 1678°C, which indicates that the alloys will show good creep resistance 
over a significant range of temperatures. 


12.1.2 The need for surface engineering 


While titanium alloys also possess good fatigue resistance, they have a high 
coefficient of friction (1) in the region of 0.6, both against each other, against 
other alloys, and against non-metallic materials such as polymers, which 
means that they suffer from low resistance to wear. The poor tribological 
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properties are normally associated with the transfer of titanium to the mating 
surfaces, resulting in severe adhesive wear. In some cases, the situation 
can be alleviated through the application of lubricants, for example when 
titanium alloys are in contact with polymers. The improvement in wear 
resistance due to lubricants, in general, decreases with temperature. For this 
reason, surface modifications of titanium alloys have been used to increase 
the near-surface strength, reducing the coefficient of friction and lowering 
the tendency for material transfer and adhesive wear (Heyman, 1992). In 
addition to aerospace applications, the attractive high temperature properties 
of titanium alloys have been extended to land-based turbines. This has been 
particularly the case in Japan (Yamada, 1996). The density advantage of 
titanium alloys over such steels as Cr-Mo-V and 12%Cr has led to their use 
in the low-pressure end of steam turbines. Under operating conditions, liquid 
impingement erosion is a well-recognized damage mechanism associated with 
moving blades (Robinson and Reed, 1995). The loss of material that occurs 
from the leading edges of the blades is a result of cumulative damage from 
the impact of water droplets formed by the condensation of steam in the 
later stages of the steam turbine. The impact of each droplet generates, very 
briefly, a high local force. The pressure forces are generally normal to the 
direction of impact, whereas forces due to splashing or jetting, as the droplet 
disperses, are tangential to the impacted surface. These two sets of forces 
produce characteristic pitting or tunnelling damage to the surface (Hu et al., 
1997). Therefore, protection of the blade surfaces is essential if they are to 
function effectively and within acceptable commercial economic limits. The 
use of laser surface engineering to develop this protection, by creating surface 
coatings on titanium alloys, has some advantages over alternative coating 
techniques (Zhecheva et al., 2005). These include a precise control over the 
width and depth of surface modification, and the ability, through computer- 
controlled work tables, to process complex shapes and target specific areas 
of a component. Laser surface processing methods have been reviewed by 
Tian et al. (2005) who included a brief, but useful description of biomedical 
applications, not covered in the present chapter (which concentrates on more 
extensive consideration of what are, in effect, functionally gradient layers 
for structural engineering applications). 


12.2 Lasers used in surface engineering 


With the need to improve the surface properties of titanium alloys, such 
as the tribological, high-temperature and corrosion aspects, the normal 
approach has been to modify the surface to one with a higher hardness 
and/or a lower coefficient of friction than the substrate, while retaining the 
attractive properties of the bulk material of the alloy. Lasers are one of many 
tools that have been used to modify the surface of alloys. They involve light 
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amplification by stimulated emission of radiation, which gives rise to the 
acronym laser. The different types of laser are grouped according to the 
active medium (gas, liquid or solid), wavelength, power, energy and mode 
of operation (continuous or pulsed). These are shown in Fig. 12.1, by Ion 
(2005), characterized by plotting the average power versus the wavelength, 
and vary from excimer, Nd: YAG, diode, through to CO lasers, the last being 
the main tool used in most of the work reported in the literature on surface 
alloying. Ion (2005) attributes the popularity of CO, lasers to their ‘efficient 
use of gases, which reduces running costs, that the pulsed or continuous wave 
emission is produced in a high quality beam at superkilowatt power levels, 
and that far-infrared light is transmitted readily in air, being absorbed by a 
wide range of engineering materials’. However, he also expects there to be 
a growth in the use of multikilowatt diode-pumped solid state (DPSS) lasers, 
which offer compactness, high power efficiency and high beam quality. 
Information on the physics associated with lasers and their construction is 
to be found in Duley (1983) and Ion (2005). 


12.3. Laser surface modification methods 


The simplest application of laser processing, laser heating, involves the 
rapid heating of the surface layers to a temperature well below the melting 
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12.1 A selection of commercial lasers characterized by wavelength 
and average power shown on a background of applications (lon, 
2005). 
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point, followed by rapid cooling. While this technique is widely applied to 
steels, where it results in transformation hardening due to the development 
of martensite, in laser-processed titanium alloys, the martensitic phase 
transformation has no significant effect on the hardness. However, the 
technique has been reported to increase the fatigue life of Ti-6A1-4V alloy 
due to both a reduced fraction of a-Ti and to a reduction in the grain size 
(Konstantino and Altus, 1999). 

Laser processing, using around three times the beam energy used in laser 
heating, can develop a deeper melt pool than other surface modification 
techniques (Fig. 12.2) (Gates, 1986; Deng and Braun, 1994; Zhecheva et 
al., 2005), and a rapidly solidified melt pool, with a >1000 HV surface zone, 
followed by a zone of a hardness gradually decreasing to that of the titanium 
substrate, 325-350 HV. This modified microstructure has been described as a 
functional gradient layer, Fig. 12.3. Many applications result in the removal 
of the surface during service. Therefore, the thicker the modified layer, 
the longer the in-service life of the component. However, defects may be 
introduced during the surface modification process. These include cracks, Fig. 
12.4, and porosity in the surface layer, and in the case of the incorporation 
of particles, undissolved particles and heterogeneous particle distribution, 
which may result in an early deterioration of the surface properties. 


12.2 Macrograph showing the top (T), melt zone (MZ) and heat 
affected zone (HAZ) following laser melting (Mridha and Baker, 1991). 
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laser nitriding of titanium. 


200 um 


12.4 Laser induced cracks through the entire depth of the melt pool 
arrested at the HAZ (Mridha and Baker, 1991). 


Several laser surface modification methods have been developed and 
include: 


(i) surface alloying using an element which is well distributed throughout 
the Ti matrix, such as Al in low concentrations, to provide solid solution 
hardening, resulting in improved surface properties. Secondly, alloying 
with a solute element which will form a compound with a higher hardness 
than the titanium alloy. This situation occurs following alloying with 
higher concentrations of Al, forming TiAl, and with Si, which forms 
Ti5Si3, either as needles, or together with & Ti as a eutectic, Figures 
12.5 and 12.6 (Hu et al., 1998), 
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12.5 SEM micrograph showing TisSi3 particles A and B, spherical TiC 
in C and E, and a eutectic of TisSiz and a’-Ti, at D (Hu et al., 1998). 


12.6 TEM micrographs of eutectic of Ti;Si3 and o’-Ti (a) bright field 
(b) dark field, with Ti,Siz in light contrast (Hu et al., 1998). 


(ii) the use of compounds that will completely dissolve, providing solute 
atoms which react with titanium to form hard particles, such as borides, 
carbides, nitrides, oxides or silicides. An example is SiC particles, 3-7 
lum in size, which dissociate to give elemental Si and C. These atoms 
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then react with Ti, forming Ti;Si; and TiC precipitates respectively, 
both significantly harder than Ti and its alloys, Table 12.1. Another 
example is 10 um BN powder dissolved in Ti-6A1-4V alloy, to give 
compounds of Ti,N, TiB and Ti3By4, producing a surface hardness 
between 1500-1700 HV, due to presence of the hard TiB and TiN 
phases (Selvan et al., 1999), 

the incorporation of hard compounds, such as SiC, which will dissolve 
partially, leaving sufficient of the original particles well distributed 
throughout the Ti-matrix, together with solute elements which will 
react with a-Ti to form a fine dispersed phase. SiC particles, in the 
range 30-100 um have been found to partially dissolve, giving the 
same phases described in (ii), Fig. 12.7 (Mridha et al., 1996), 
intermetallic coatings of Ti-Al (Garcia et al., 2002), developed on Ti 
alloys by laser processing as a means of improving high temperature 
properties, while Ti,Ni;Si-toughened by a ductile NiTi (Dong and Wang, 
2008) has potential for improved corrosion and wear resistance, 

a series of amorphous alloys (Inoue, 2000), based on rare-earth (R-E) 
oxides, with a high glass-forming ability (GFA). A Zr based amorphous 
alloy with the widest supercooled liquid region has an extremely high 
glass-forming ability and was applied by Wang et al. (2004) to coat 
CPTi using Zr based alloy powders, and 

laser nitriding to form a hard TiN surface layer ~5 um, followed by 
dendrites, needles and quasi-spherical particles at lower depths in the 
melt pool, Fig. 12.3. This technique has received widespread attention 
for many years, initially through the use of continuous wave (CW)CO, 
lasers (Katayama et al., 1983, 1984), but also using Nd-YAG pulsed 
lasers (Ettaqi et al., 1998, Santos et al., 2006). Bianco et al. (1995) 
investigated laser processing with CO, gas to form TiC precipitates, 
while the effect of TiC,Ny by laser processing with a combination 


Table 12.1 Data of compounds incorporated into titanium alloys 


Material Melting temperature Vickers hardness Density 
(°C) (VHN) (g/cm?) 
Ti 1650-1670 60 4.54 
TiC 3067 2800-3200 4.92 
SiC 2760 2600 3.22 
TIN 2930 ~ 2500 5.43 
wc 2870 2400 15.77 
VC 2830 2800 5.81 
ZrC 3500 2600 6.73 
ZrN 2980 1510K 7.35 
ZrB 2990 2200 6.09 
TiSi2 1540 870 4.39 


Note: K is Knoop hardness 
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12.7 SEM micrograph of partially dissolved SiC particle acting as a 
nucleant for TiC (Mridha et al., 1996). 


of carbon and nitrogen was addressed by Covelli (1996), and using 
gas mixtures of CO and N by Grenier (1997). However, the reader 
should be aware that a review of ‘laser nitriding of metals’ by Schaaf 
(2002) does not consider titanium alloys. Examples of these different 
approaches are discussed below. 


12.4 Laser processing conditions for surface 
engineering 


The main laser parameters that can be controlled during processing include 
the laser power, q, the beam radius, r,, the specimen or work-piece velocity, 
v, and the beam mode, which may be stationary, spinning, top hat, or 
Gaussian (Ion, 2005); in addition, in the case of alloying, the composition 
and concentration of the alloy, and if the processing involves a gas such 
as nitrogen, the concentration and the flow rate (Mridha and Baker, 1998). 
Other important factors are the dimensions, particularly the thickness of the 
work-piece (Hu ef al., 1997) and its absorptivity of the laser energy. Many 
of the studies on laser surface modification describe work which involved 
either a small hemispherical melted volume (Abboud and West, 1994) or 
a single laser track with a width of a few millimetres (Mridha and Baker, 
1996). In practice, there is frequently a requirement to produce surface 
modification over a much greater area. This necessitates overlapping of 
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many laser melted tracks. The best results for laser processing Ti-6A1-4V 
alloy plate using a stationary beam were obtained with medium scanning 
velocities of 15-50 mms“! and with a minimum overlap of 50%, otherwise 
it was found that a part of each track would be molten only once, Fig. 12.8 
(Morton ef al., 1992). Work by Baker and Selamat (2008) used a spinning 
beam to produce a broad laser track, lower scanning velocities, usually in 
the range 3-10 mms"', and in agreement with Morton et al. (1992) and 
Robinson and Reed (1995), they also found that an overlap of 50% provided 
the best surface finish. However, in earlier work (Xin et al., 1996), also 
using a spinning beam, where the economics were not a prime concern, it 
was found that a 35% overlap gave a satisfactory surface. A consequence of 
overlapping of laser tracks is a build-up of heat in the work-piece, resulting in 
preheating, which increases the temperature of subsequent tracks. This effect 
has received little attention in the literature but has been the subject of two 
papers, (Hu and Baker, 1997, 1999). The melting of 13 tracks on a 10 mm 
thick plate of Ti-6A1-4V under an atmosphere of Ar, showed that a constant 
preheat temperature of 235°C was reached by Track 7. With a 20% nitrogen 
atmosphere, under the same processing conditions, a temperature plateau 
of 290°C was reached by Track 11, Fig. 12.9. Higher temperatures were 
reached with 5 mm thick plate. Therefore it is not surprising that variations 
in the melt depth, in the microstructure and therefore in the properties such 
as hardness, occur, from the first to the last melted tracks, although these 
changes are rarely reported in the literature. 

The laser energy density, E, is related to the laser power, q, the scanning 
velocity, v, which is normally the traverse speed of the work-piece, and the 
radius, rp, of the laser probe by 
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12.8 Figure showing the effect of percentage overlapping on the 
remelting of solidified alloy (after Robinson et al., 1995). 
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12.9 Effect of multi-track alloying on the preheat temperature in Ar 
environment and in 40% nitrogen 60% argon environment, (Hu and 
Baker, 1999). 


E = (q/ty Vv) [12.1] 


expressed in MJm™, and for CO, lasers is normally in the range 50-600 
MJm”. 

The variation in the input energy density, that is the energy density absorbed 
by the alloy surface, controls the depth of the melt pool and therefore the 
volume of the molten alloy. The laser processing is characterized by high 
heating and cooling rates, in the range 10* to 10'° Ks", thermal gradients 
between 10° and 10° K/m, and solidification velocities up to 30 ms"! 
(Draper and Poate, 1985). These laser surface alloying parameters have the 
effect of extending the solid solubility limit and may result in metastable 
non-equilibrium phases, leading to novel microstructures due to the rapid 
solidification conditions. The most important characteristic of the modified 
layer is the depth of penetration, which is related to the maximum temperature 
reached during processing. As described by Steen et al. (1994), several 
attempts have been made to predict the melt depth. These include those 
“based on experimental studies which analysed statistically a large number 
of measurements to develop a master correlation. At the other extreme, 
those based on the laws of physics which provide ‘exact’ predictions, but 
the dominant physics is often lost in the wealth of information generated and 
the nature of the simulations limit their engineering application’. However, 
Shercliff and Ashby (1991) ‘provide a balance between these two extremes 
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and their work results in plots of dimensionless parameters which capture the 
significant trends of a large number of experimental data, including their own 
measurements’. Ion et al. (1992) and Ion (2005, p. 525) have summarized 
some of the available approaches and collated the main relationships required 
to develop model process diagrams, while Hu and Baker (1996) considered 
the case of a spinning beam. A modified laser processing diagram, showing 
the conditions for laser melting and laser cladding, is given in Fig. 12.10. 
While the melt depth, surface temperature, and heating and cooling 
rates are of primary importance to the mechanical properties developed on 
solidification, the surface roughness can have important consequences for 
erosion resistance. Anthony and Cline (1977) explored the development of 
surface ripples during laser processing. They considered that ‘during laser 
surface melting and alloying, a temperature gradient extends radially away 
from the centre of the laser beam. Under the beam, the temperature of the 
liquid is at its highest level and the surface tension of the liquid is at its lowest 
value. As the temperature of the liquid decreases away from the centre of 
the laser beam, the surface tension of the liquid increases. This increase of 
the surface tension of the liquid away from the centre of the beam, pulls the 
liquid away from the centre of the beam, thereby depressing the surface of 
the liquid under the beam and heightening the liquid surface elsewhere’. This 
effect is known as Marangoni flow and is the dominant convective mechanism 
in the melt pool. It can have a controlling effect on the microstructure 
[Fig. 12.11]. Chan et al. (1984), in modelling heat flow, predicted that the 
melt pool rotates approximately five times before solidification. This effect 
manifests itself on occasions in the heterogeneous distribution of dendrites, 
[Fig. 12.12]. As the beam passes to other areas of the surface, this distortion 
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12.10 Laser processing diagram showing the conditions for laser 
melting and laser cladding (after lon, 2005). 
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12.11 SEM micrograph showing the capillary convective flow 
patterns in the melt pool (Marangoni flow) highlighted by 
precipitation of needle particles along the flow lines (Mridha and 
Baker, 1994). 
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12.12 Heterogeneous distribution of dendrites following laser 
nitriding (Mridha and Baker, 1996). 
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of the liquid surface is frozen in, creating a roughened rippled surface, Fig. 
12.13. The roughness of the surface has been shown to be a major factor in 
erosion of titanium alloys, considered in Section 12.7.4. 


12.5 Laser surface melting and cladding 
12.5.1 Laser surface melting 


The process whereby the alloy surface is laser melted and then resolidified 
without any attempt to modify the surface layer chemical composition is 
normally referred to as laser glazing or melting. The sequence of surface 
changes following the instant that the laser beam contacts the alloy surface 
is summarized below. Firstly, the near-surface region rapidly reaches the 
melting point and a liquid/solid interface starts to move through the alloy. 


poy Pe 


12.13 Surface topography showing rippling following laser melting of 
CPTi (Mridha and Baker, unpublished). 
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Diffusion of elements commences in the liquid phase. The laser pulse is 
nearly terminated while the surface has remained below the vaporization 
temperature. At this stage the maximum melt depth has been attained, inter- 
diffusion continues, and the re-solidified interface velocity is momentarily 
zero and then rapidly increases. The interface moves back to the surface 
from the region of maximum melt depth. Interdiffusion continues in the 
liquid, but the re-solidified metal behind the liquid/solid interface cools so 
rapidly that solid state diffusion may be negligible. Finally, re-solidification 
is complete and a surface alloy has been created. Due to the relatively small 
melted zone of 50 to 1000 microns, very high quench rates are achieved, 
in the range of 10° to 10° Ks"!, resulting in non-equilibrium martensitic 
microstructures (Draper and Ewing, 1984; Draper and Poate, 1985). The 
re-solidified alloy has a titanium oxide film on the surface, which confers 
good wear resistance. Langlade et al. (1998) used a YAG-Nd laser to study 
oxides on T40Ti and Ti-6Al1-4V alloys. Stratified layers, giving different 
coloured films, were related to oxide thicknesses and oxide compositions. 
TiO + Ti,O3 followed TiO, and finally Ti,03 + anatase TiO, + rutile TiO». 
It was noted that titanium oxides may exhibit a solid lubricant effect, while 
the oxygen dissolved in the titanium matrix had a hardening effect. 

One of the characteristics of the laser surface melting technique is the 
rapid solidification, which can produce hardening through the introduction 
of crystalline defects, such as vacancies and dislocations. Often residual 
stresses are developed, which result in a distortion of the work-piece, but 
this can be overcome by the application of a low-powered surface heating 
procedure following the laser melting process. 


12.5.2 Cladding 


Ion (2005) defined cladding as ‘a surface melting process in which the laser 
beam is used to fuse an alloy addition onto a substrate’. The alloy may be 
introduced into the beam-material interaction zone either during or prior to 
processing, usually as powder, wire or foil. The object is to melt a thin layer 
of substrate together with as much alloy addition as possible, which must be 
able to homogenize before it solidifies. Therefore, very little of the substrate 
is melted and ideally, vaporization is avoided, as the molten clad solidifies 
rapidly; a clad with a nominal composition of the alloy is produced, which 
has a strong metallurgical bond with the substrate and increased hardness. 
The process may be used for large area coverage by overlapping tracks, but 
it is the ability to protect smaller localized areas that, according to Vilar 
(1999), makes the technique unique. Most of the substrates that can be 
subjected to laser melting techniques are suitable for producing clad surfaces 
and, in the case of powder additions, cladding and alloying processes often 
overlap. As seen in the schematic diagram Fig. 12.10, laser cladding, uses 
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a lower power density, around 107 Wmm~ compared with 10°-10* Wmm~* 
for laser surface melting. This lower power density not only reduces the 
relative extent of distortion, but also ensures a closer control of the dilution 
of the clad, leading to a more exact coating composition. 

Cladding was considered by Ion (2005) and Bao et al. (2006), and reviewed 
by Vilar (1999) and Wu and Li (2006). The pioneering work was undertaken 
by Ayers (1981), who injected into Ti, powders of TiC (Ayers ef al., 1981, 
1984) or WC (Ayers et al., 1981, 1984) and recently Chen et al. (2008), and 
later Abboud and West (1989) with SiC. Abboud and West (1989, 1990, 1991, 
1991a, 1944, 1944a) also laser-surface clad CPTi with Al powder to produce 
titanium aluminide coatings. This was followed by a study of the wear and 
oxidation properties of titanium aluminides on CPTi (Hirose et al., 1993). 
Recently, interest in cladding with Al on titanium alloys has been revived 
by Guo et al. (2007, 2008, 2008a) and Pu et al. (2008). Guo et al. (2008) 
studied the effect of preplaced aluminium powders between 14.7 and 29.7 at% 
on the phase composition and tribological properties of CPTi. Cracking was 
found in all the laser-modified specimens. Cai et al. (2007) used a mixture 
of titantum and B,C precursor powders to form a mixture of carbide and 
boride precipitates, which raised the hardness of the Ti-6A1-4V substrate from 
~350 to ~600 HV through the formation of TiC, TiB and TiB,. Unusually, 
the precursor powders were placed in grooves machined to depths of 0.2 to 
1.0 mm. Work by Wang and Liu (2002) is an example of a study to develop 
a wear-resistant Ti5Si3/NiTi, intermetallic composite coating fabricated on 
a near alpha titanium alloy, BT9. In the laser clad intermetallic composite, 
TisSi3 primary particles were uniformly distributed in the NiTi, matrix and 
metallurgically bonded to the titanium substrate. It was free from porosity and 
microcracks, with a hardness of ~1000 HV at the surface retained to a depth 
of 800 um. Recently, cladding of Ti-6A1-4V by cobalt has been studied by 
Majumdar et al. (2009), who developed several titanium cobalt compounds 
that were associated with improved corrosion resistance. 

Laser cladding is also one of the surface amorphization technologies 
associated with the rapid heating and cooling rates that inhibit long-range 
diffusion and avoid crystallization (Morris, 1988). However, the amorphous 
alloys found before the 1990s required cooling rates above 10° Ks"! for 
amorphization, and the resulting amorphous layer thickness was limited 
to less than 50 nm (Wang et al., 2004). Since 1988, Inoue and co-workers 
have discovered a series of amorphous alloys with high glass forming ability 
(GFA) and much lower critical cooling rates in the Mg-, Zr-, Fe-, Pd-, Ti- 
and Ni-based alloy systems (Inoue, 2000). The alloy Zre5 Al,.5 Nijg Cuy75 
which has the widest supercooled liquid region, also has the high GFA at 
an extremely low critical cooling rate of 1.5 K/s (Inoue ef al., 1993). The 
discovery of these GFAs has opened up significantly greater prospects for 
laser cladding of amorphous coatings with a thicknesses >1mm, able to cover 
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a large area. Various alloys have been laser-clad on a variety of substrates. 
Wang et al. (2004) have studied Zr-based alloy powders laser-clad on a pure 
Ti substrate in an attempt to form an amorphous coating. No cracks or voids 
were observed within the coating. There were clear tendencies of composition 
separation in different phases. The extensive growth of titanium in the form 
of columnar crystallites into the coating, provided a good metallurgical 
bond between the coatings and substrate. This clad coating showed a higher 
but varying microhardness 650-1000 HV. As mentioned in Section 12.3, 
titanium-based intermetallics, such as y-TiAl, are of interest for structural 
applications at elevated temperatures (Ye, 1999). Whereas y-TiAl possesses 
a low density (3.7-4.6 g cm”), high specific strength and excellent high 
temperature resistance, the sliding wear resistance at elevated temperatures 
needs improvement. Coatings of TiN on y-TiAl by multiarc implantation of a 
3 um film of Ti,AIC using plasma carburizing, were found to have inadequate 
oxidation resistance with increasing temperature. Also, the ductility at room 
temperature is a major obstacle to the use of Ti3Al, TiAl and TiAl; (Hirose 
et al., 1993). However, Chen and Wang (2003) found that laser surface 
alloying Ti-48A1-2Cr-2Nb (y-TiAl) with carbon, resulted in a thick composite 
coating of TiC, which exhibited >700 HV and a 5x improvement in sliding 
wear resistance at 600°C over untreated y-TiAl. Liu and Wang (2006, 2007) 
investigated the effect of laser cladding the same alloy with a mixture powders 
of Ni-20wt-%Cr alloy and Cr3C, in the ratios of 20:80, 50:50 and 80:20, as a 
means of further improving the high-temperature wear resistance. The main 
clad phases were y Ni solid solution matrix, Cr7C3 and TiC. The cladding 
processed with the 50:50 alloy showed a two times improvement in room- 
temperature sliding-wear resistance. An extension to this work (Liu and Yu, 
2007a) involved the incorporation of between 1 and 10wt-% of a rare-earth 
metal oxide, La,O3, to the 50:50 ratio Ni-20wt-%Cr alloy:Cr3C, alloy. An 
addition of 4 wt-% La,O; refined the carbide microstructure and produced 
the highest values of microhardness, combined with the lowest wear rate, 
during room-temperature sliding wear experiments. Possible improvements 
to the high-temperature wear resistance of y TiAl alloy were investigated 
by developing laser-clad y/W C/TiC composite coatings through the use of 
different concentrations of Ni-Cr-W-C precursor mixed powders, and testing 
the response of the coatings to dry sliding wear at 600°C and isothermal 
oxidation at 1000°C. Improved wear resistance was obtained, but oxidation 
resistance was reduced (Liu and Yu, 2007b). 


12.6 Laser surface alloying 


Laser surface alloying was first reviewed by Draper and Poate (1985) and 
later by Ion (2005). Here, the gaseous, solid and gaseous plus solid methods 
are considered. 
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12.6.1 Laser nitriding 


Laser surface engineering requires the protection of the molten surface by an 
inert gas, such as argon or helium, to prevent oxidation during processing. 
In the case of titanium alloys, the replacement of the inert gas by nitrogen is 
a technique which has been developed over the past 30 years for modifying 
the near-surface region without altering the bulk characteristics of titanium 
alloys (for example, Katayama et al., 1983; Walker et al., 1985; Bell et al., 
1986; Mridha and Baker, 1991; 1994; Jianglong, 1993; Kloosterman and De 
Hosson, 1995; Xin et al., 1996; Nwobu et al., 1999; Kasper et al., 2007; 
Abboud et al., 2008). Laser nitriding with a 100% nitrogen atmosphere 
was used in most of the early work, and produced a thin 5-10 um surface 
layer of titanium nitride. The hardness recorded closest to the surface was 
~ 1000-2000 HV, and in addition, the TiN layer provided improved corrosion 
resistance, a lower coefficient of friction and wear resistance. However, 
cracking was often observed, Fig. 12.4 (Katayama et al., 1985; Morton et 
al., 1992; Hu et al., 1997b; Nwobu et al., 1999). Morton et al. (1992) found 
that when laser nitriding CPTi and Ti-6A1-4V alloy produced a surface with 
a hardness >600 HV, cracking was likely to occur, but could be avoided by 
preheating prior to nitriding, which reduced the cooling rate and controlled 
the level of the residual stresses developed on solidification. An alternative 
method of alleviating this problem is the use of dilute nitrogen atmospheres, 
usually in the form of an argon—nitrogen mixture, together with lower 
nitrogen flow rates (Mordike, 1985; Bell et al., 1986; Morton et al., 1992; 
Mridha and Baker, 1994; Xin and Baker, 1996; Grenier ef al., 1997; Xin et 
al., 1998; Selamat et al., 2001). Dilute nitrogen atmospheres were found to 
significantly reduce or eliminate cracking, but at the expense of a decrease 
in surface hardness, Fig. 12.14, and a smaller melt depth. In the work of 
Selamat et al. (2001), no cracking was observed following processing 
with a dilute nitrogen atmosphere of 20%N- 80% Ar, while laser nitriding 
using a 50%N50%Ar atmosphere coincided with a reduction in hardness to 
~800 HV (Xue et al., 1997). As described by Mridha and Baker (1994) and 
Kloosterman and De Hosson (1995), a thin surface TiN layer <10 um, will 
initially solidify, out of which titanium nitride dendrites will grow due to 
constitutional undercooling. The dendrites grow by rejecting titanium into 
the melt. At the same time there will be a solidification front at the bottom 
of the melt pool and, somewhere in between, these fronts will meet. If the 
cooling rate is sufficiently fast, and the nitrogen concentration in the titanium 
is below 6.2at%, a martensitic transformation (d-Ti) is possible. In general, 
the nitrided surface develops better properties than those produced by glazing 
in an inert gas atmosphere (Baker ef al., 1994). Below the surface, the 
hardness normally decreases rapidly, due to the TiN layer being replaced by 
TiN dendrites in an & Ti-N solid solution matrix (Katayama, 1983; Walker 
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12.14 Microhardness-depth profile of specimens laser processed with 
varying nitrogen percentages (Xin and Baker, 1996). 


et al., 1985; Bell et al., 1986; Mridha and Baker, 1991; Kloosterman and 
De Hosson, 1995), Fig. 12.3. Closer to the melt zone-HAZ boundary, only 
the & Ti-N solid solution is present, and this is reflected in the level of the 
hardness. 

Microstructural characterization has been related to the processing, hardness 
and roughness data. Previous studies by the present author and co-workers used 
TEM/SAED, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 
(XPS) to characterize titanium nitride phases in a Ti-6AI-4V alloy produced 
by laser nitriding (Xin et al., 1998, 2000; Selamat et al., 2001). Single phase 
6 TiN has a NaCl type fcc structure and is more accurately expressed as TiN,, 
as it can have a wide range of homogeneity from ~30 to 55 at% nitrogen. 
In the transition elements, the cubic nitrides can exist in a wide range of 
non-stoichiometry, and TiN, can be obtained with 0.5 < x < 1.1 (Selamat et 
al., 2003). The values of x have been shown to depend on the percentage N 
in the nitriding atmosphere. With 100%N, x has been estimated to be close 
to 1, with 80%N, x = 0.8, while when 20%N is employed, x decreases to 
0.75 (Selamat, 2001). The XPS spectra obtained from different depths in 
the melt zone indicated that the quantity of TiN, precipitates decreased with 
increasing depth from the surface. Only a small quantity was present at 100 
uum, while none was detected below 300 um from the surface. 

TiN coatings are used mostly for their low coefficient of friction in order to 
reduce adhesive wear, while TiC coatings increase both the surface hardness 
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and the resistance to ploughing wear (Moskowitz et al., 1986). Bianco et al. 
(1995) have shown the potential use of CO, as an alloying gas, and noted 
that the abrasive wear resistance of Ti-6AI-4V, laser alloyed in a gaseous 
atmosphere of CO», is improved, relative to TiN layers produced by laser 
nitriding. They considered that under the laser beam, CO, dissociates to 
CO and O;, which then reacts with Ti to give a hard TiC surface containing 
TiO. 

It is also known that the wear resistance of titanium is enhanced by TiC 
coatings produced by laser alloying using preplaced graphite powders, 
originally added to improve the absorptivity (Flower et al., 1985; Walker et 
al., 1985; Covalli et al., 1996). Unlike nitriding, which results in a layer of 
TiN, alloying with graphite did not produce a surface layer of TiC. The use 
of a gas instead of preplaced graphite allows a more precise control of the 
relative concentration of the carbon content of the molten layer. Also, laser 
gas alloying can be undertaken more easily on complex shapes without the 
feeding difficulties associated with powders or wires. 

Deng and Braun (1994) have observed that the wear behaviour of TiC,Ny 
is superior with carbon-rich coatings to TiN or TiC, which led Grenier 
et al. (1997) to study the effect of mixtures of carbon monoxide and nitrogen 
gases on the microstructure and wear resistance of laser processed CPTi 
using a Nd:YAG pulsed laser. These authors concluded that the abrasive 
wear resistance of coatings alloyed with a mixture of gases was superior 
to that of coatings alloyed with either nitrogen or carbon monoxide alone. 
However, their coatings did contain cracks. 


12.6.2 Laser powder alloying 


The early work using powders as a source of alloying (Ayers et al., 1981, 
1984; Abboud and West, 1989) was based on injection of powders of around 
150 fm in size, which may be described more accurately as cladding rather 
than surface alloying. Later, this average particle size was reduced to within 
the range 60-100 um (Cooper and Slebodnick, 1989; Kloosterman et al., 
1998; Kool et al., 1999; Pei et al., 2002). An alternative method is the 
preplacement of particles on the surface of the substrate alloy in the form 
of a slurry, where in general, the particles have a smaller average size, 
~45-60 um (Hu et al., 1997; Pang et al., 2005). Both these techniques result 
in the partial dissolution of the powders, Fig. 12.7, which can provide a 
strong bond with the matrix, and confer significant wear resistance to the 
substrate (Ayers and Bolster, 1984; Hu et al., 1997; Ettaqi et al., 1998; Pang 
et al., 2005). However, for some applications that require improved surface 
strength through dispersion hardening, and/or improved corrosion properties, a 
complete dissolution of the particles during laser processing is beneficial. This 
is possible using laser powers of ~3kW, when the particle size is less than 
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10 um. With SiC particles, both of these techniques provided an opportunity 
for the precipitation, in a fine state, of new phases such as Ti;Si3 and TiC, 
Fig. 12.15 (Mridha et al., 1993; Baker et al., 1994; Hu et al., 1997; Mridha 
and Baker, 1997, 2007; Selamat et al., 2003; Poletti, 2008). It is generally 
found that the hardness of the powder alloyed surface is lower than that of 
the nitrided specimens. Some of the other elements and compounds, including 
NiCr1BSiC (Sun et al., 2002a), that have been incorporated into titanium 
alloys are collated in Table 12.2. The laser alloying invariably resulted in 


ASGA SS 


12.15 SEM micrograph of laser processed SiC preplaced powder 
on CPTi, showing small needles (10-15 um) below larger needles 
(30-35 um) following a concentrated dendritic structure (D). Platelet 
particles(P) in the needle structures and variation of the hardness 
indentations (H) are also visible (Mridha and Baker, 2007). 
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Table 12.2 Elements and compounds incorporated into titanium alloys by laser 


processing 
Material Addition Laser Reference 
CPTi Al CO, Abboud and West (1990) 
CPTi Al CO, Abboud and West (1991) 
CPTi Al +N CO, Garcia et al. (2002) 
CPTi Al, Si, Al + Si CO, Majumdar et al. (1999, 2000) 
Ti-6AI-4V B,C CO, Mehlmann et al. (1990) 
CPTi BN, B,C, TiB, 
Ti-6AI-4V MoB, MoB, CO, Badini et al. (1992) 
Ti-4Al-2Sn-4Mo W2Bs 
Ti-6AI-4V BN CO, Selvan et al. (1999) 
y-TiAl Cc CO, Chen and Wang (2003) 
CPTi graphite Nd:YAG Courant et al. (2005) 
Ti-6AI-4V Co CO, Majumdar et al. (2009) 
Ti-6AI-4V CroC3 + Ti YAG Zang et al. (2001) 
Ti-6AI-4V Cr203 + Ti Nd:YAG Man et al. (2001) 
Ti-6AI-4V Mo + WC Nd:YAG Pang et al. (2005) 
CPTi Ni + SiC, SiC CO, Selvan et al. (1999a) 
Ti-6AI-4V Ni + SiC CO, Selvan and 
Subramanian (2003) 
Ti-6AI-4V Si + Ti Nd:YAG Alhammad et al. (2008) 
CPTi, Ti-6AI-4V SiC (150 um) CO, Abboud and West (1989) 
CPTi SiC (6 um) CO, Mridha et al. (1993) 
CPTi, SiC (3 um) CO, Mridha and Baker (2007) 
Ti-6AI-4V SiC +N CO, Hu et al. (1998) 
Ti-6AI-4V SiC Nd:YAG Pei et al. (2002) 
CPTi TIC CO, Abboud and West (1992) 
Ti-6AI-4V TiC CO, Sun et al. (2001) 
Ti-6AI-4V TIN, ZrC, ZrN CO, Hu et al. (1997) 
CPTi TiN Nd:YAG Ettaqi et al. (1998) 
Ti-6AI-4V TIN CO, Yilbas and Shuja (2000) 
Ti-6AI-4V TIN CO, Yilbas et al. (2001) 
Ti-6AI-4V WC CO, Chen et al. (2008) 
Ti-6AI-4V Ti+B Nd:YAG Banerjee (2004) 
Ti-6AI-4V AINi + VC + Crz03 Nd:YAG Duraiselvan et al. (2007) 
Ti-6AI-4V BN + NiCrCoAlY CO, Molian and Hualun (1989) 
Ti-6AI-4V NiCrBSi CO, Sun et al. (2000) 
Ti-6AI-4V NiCrBSi + TIC CO, Sun et al. (2001) 
Ti-6AI-4V NiCrBSiC CO, Sun et al. (2002) 
Ti-6AI-4V NiCoCrAlY CO, Meng et al. (2005) 
Ti-Al-Mo-Zr-Si TISiNi CO, Wang and Liu (2002) 
CPTi ZrgsAl7.5NiipCui7.s5 CO, Wang et al. (2004) 
Ti-6AI-4V graphite + Si CO, Tian et al. (2006) 
CPTi, Ti-6AI-4V graphite +B+Ce,03 CO, Tian et al. (2006a) 
+ Y2O5 + Ti 


a harder melt zone than the substrate, and many papers reported significant 
improvements in other properties such as wear resistance and erosion. In 
the case of injected powders, the protective gas used to avoid oxidation has 
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been employed as a carrier, and some studies have found that positioning the 
powder stream out of the laser beam minimizes the reaction layer between 
the particles and the titanium matrix (Kloosterman et al., 1998). 


12.6.3 Laser surface nitriding plus powder alloying 


The combination of powders with gaseous atmospheres has also been 
studied; in particular, mixtures of nitrogen with SiC (Hu et al., 1997, 1998; 
Mridha and Baker, 1996, 1997; Selamat et al., 2003), TiN (Ettaqi et al., 
1998), ZrC (Ettaqi et al., 1998) and ZrN ( Hu et al., 1997). Dilute nitrogen 
atmospheres combined with powder alloying have been found to produce 
crack-free surfaces having additional hardness relative to the titanium parent 
alloy and the powder alloying alone (Baker et al., 1994; Mridha and Baker, 
1996, 1997, 2007; Hu et al., 1998; Selamat et al., 2006; Garcia et al., 2002; 
Baker and Selamat, 2008; Guo et al., 2008a). 


12.7. Effect of laser surface modification on 
properties 


12.7.1. Hardness and residual stress 


The hardness of laser modified titanium surfaces has a significant influence 
on the wear properties. The aim is to precipitate hard ceramic particles, 
sometimes as dendrites, as quasi-spherical particles, needles or in a eutectic 
with a@-Ti, together with a solid solution-strengthened Ti matrix. In the case 
of laser nitriding, the formation of a hard surface TiN layer is followed by 
a dendrite microstructure (Bell et al., 1986; Morton et al., 1992; Hu et al., 
1996). The hardness, HV, is controlled by the volume fraction dendritic 
phase, V%, Fig. 12.16, by the equation: 


HV = 23 V% [12.2] 


which is related to the details of the secondary arm spacing. This in turn 
is controlled by the rate of cooling. Peng et al. (1983) used the Cline and 
Anthony (1977) model to calculate the maximum cooling rate, ¢, in Ks! 
following laser melting through a correlation with dendrite arm spacings, 
d, in um, measured from photomicrographs. The best functional correlation 
was: 


d=80¢°* [12.3] 


Figure 12.7 shows that this holds for values of ¢ between 8 x 10* and 1.5 x 
10° Ks"!, as described by the model. The open circles show the experimental 
points that agree with the calculated curve, while solid circles show the 
cooling rates where the simulation broke down. 
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12.16 Hardness versus dendrite volume fraction in laser nitrided 
Ti-6AI-4V, showing a near linear correlation. The open circles denote 
individual specific dendrite volume fractions and the corresponding 
microhardness data, while the closed triangles relate the average 
microhardness data of three nitrogen levels investigated to the 
corresponding average dendrite volume fractions, and show a good 
agreement with the straight line (Hu et a/., 1996). 
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12.17 Correlation between the observed dendrite arm spacing and 
the calculated maximum cooling rate (Peng et al., 1983). 


Whereas most research reports the hardness as a single series of 
microhardness measurements taken close to the surface down to the substrate, 
Baker and Selamat (2008) produced hardness maps, Fig. 12.18, which, by 
allowing a comparison of hardness over several laser tracks, provides a much 
more accurate picture of hardness variation throughout processing. 
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12.18 Microhardness map of Ti-6AI-4V alloy after laser nitriding with 
20%N-80%Ar (a) tracks T1 and T2 (b) track T7 (Baker and Selamat, 
2008). 


Laser nitriding Ti with 100% N produced surface hardness values in the 
range 1600-2000 HV (Katayama et al., 1983; Bell et al., 1986; Mridha and 
Baker, 1994a; Ettaqi et al., 1998), which decreased with increasing work- 
piece velocity, %N in the atmosphere, Fig. 12.14 (Hu et al., 1996; Xin et 
al., 1996; Hu and Baker, 1999; Nwobu et al., 1999; Kasper et al., 2007; 
Raaif et al., 2008) and flow rate (Mridha and Baker, 1998). The variation 
of hardness of TiN, as a function of N/Ti ratio was shown by Sproul et al. 
(1989) for sputtered coatings, to have a narrow range between 3140 and 3400 
Kgmm”, the latter figure also given by Perry et al. (1999). On the other 
hand, Munteau and Vaz (2006) examining sputtered TiN, films found that 
the hardness remained constant, with a value about 2000 Kgmm”~ within 
the range 45-55 at% N. This variation has been explained by Perry et al. 
(1999) as due to an indentation size effect, the higher figure associated 
with the hardness nearer to the surface. To date, it has not been possible to 
find hardness data related to the stoichiometry of bulk TiN,, over a wide x 
range. 

Laser alloying Ti with powders also increased the surface hardness. For 
example, Tian et al. (2005) obtained hardnesses of 1500-1600 HV after 
laser processing TiN/B/Si/Ni powders, while slightly higher hardnesses, 
1600-1700 HVO.1, were found in work on C/TiB/Ti powders (2006b). By 
comparison, the hardness of individual Zr-based amorphous alloys were 
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much lower, and varied from ~650 to 1O00HK, still higher than the single 
amorphous alloy at 450-SOOHK (Wang et al., 2004). 

Another effect that has received little attention is the residual stress that 
develops as a result of laser surface modification processing. Ubhi ef al. 
(1988) showed, by X-ray diffraction, that the residual stress across a single 
track in a laser glazed Ti-6A1-4V plate was +170MPa (+ve is a tensile stress) 
compared to +100MPa in the parent as rolled plate, and these values were 
reduced on annealing. Mridha et al. (1993) determined the residual stress 
of laser-processed CPTi alloyed with 6 um SiC particles. They showed that 
the tensile stresses determined parallel to the track direction, decreased with 
depth from +259MPa at the surface to +124MPa at a depth of about 200 
tum.The compressive stresses determined perpendicular to the track direction 
also decreased from —244MPa at the top to -170MPa at 100 um subsurface. 
A detailed study of the surface residual stresses developed in both single- 
track and multi-track laser nitrided Ti-6Al-4V specimens was undertaken 
by Robinson et al., (1996). The tracks, unlike in the work of Mridha et 
al. (1993), were allowed to cool to below 50°C between each successive 
pass to avoid preheating effects. In the single track specimen, the residual 
stress state prior to laser treatment was compressive (-562MPa), due to the 
severity of the grit blasting, and was considered to be the maximum value 
of elastic stress. A progressive increase in the level of the tensile residual 
stress occurred as successive adjacent melt tracks were formed, reaching a 
maximum tensile stress of ~ +560MPa, corresponding approximately to the 
compressive stress in the grit-blasted surface prior to laser melting. Cracking 
was not observed when the alloy was melted in Ar. However, the introduction 
of nitrogen led, on occasion, to longitudinal cracks parallel to the laser track 
in the multi-track case, but perpendicular to the melt track in the single-track 
experiments. The work emphasizes the importance of conducting multi-track 
studies, but avoiding inter-pass cooling, and using conditions that are more 
appropriate to engineering applications than single-track work. 


12.7.2 Surface roughness 


The roughness of the laser modified surface layer has received less attention 
in the literature. This may be because many applications require the machining 
of a surface before service, which may remove up to 40 um of the modified 
surface and entails additional costs. However, very smooth surfaces following 
laser processing have been reported. 

The origin of laser-induced surface roughness is due to the development 
of morphologies such as ridges, Fig. 12.13, large scale periodic structures, 
cones, or columns. The surface micro-structuring of titanium in the presence 
of nitrogen following processing using a Nd-YAG laser was investigated in 
detail by Gy6rgy et al. (2003, 2004). They showed that initially, a rippled 
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structure developed, which under further irradiation gave way to micro- 
columns, uniformly distributed on the whole irradiated surface. Nitrogen 
pressure had a significant influence on the surface morphology. However, 
‘in argon, smooth flat islands appear, surrounded by a wave-like micro- 
relief, which evolves with increase in the number of laser pulses towards 
a smooth surface with polyhedral structures’ (Gyorgy et al., 2004). The 
characterization of the surface finish of laser molten layers following CW 
CO, laser processing was considered in terms of roughness and waviness 
(Morton et al., 1992). Roughness, according to Morton et al. (1992), is due 
to the amount of surface rippling, which in turn is dependent on the viscosity 
of the melt (Anthony and Cline, 1977). In agreement, Xue et al. (1997) 
noted that the surface roughness in laser nitrided surfaces is related to the 
laser process parameters, the nitrogen concentration and the track overlap 
ratio. To this list, in the case of powder alloying, it is necessary to include 
the concentration and size of the powder and details of the carrier gas flow. 
Whilst rippling as a result of laser nitriding is widely reported, it has also 
been observed after laser boronizing Ti 6AI-4V with a preplaced layer of BN 
(Selvan et al., 1999). Waviness is a function of the convectional flow of the 
melt surface and again is influenced by the percent overlap (Morton ef al., 
1992). The use of a spinning rather than a stationary beam had an influence 
on the surface morphology, which developed cellular-like structures with 
oval-shaped shiny bands across the tracks, Fig. 12.19 (Mridha and Baker, 
1994a). After laser nitriding titanium, Bell et al. (1986) found the surface 
roughness, R, <10 [m; that is,smoother than the as-ground condition or 
following shot peening (Xue et al., 1997), which can show an R, value of up 
to 15 um (Drechsler et al., 1999). These data compare with an as-machined 
roughness of Ti-6A1-4V that can vary widely from 1.4 Um (Ribeiro ef al., 
2003; Nalla et al., 2003) to 5 um, depending on the tools and machining 
parameters (Che-Haron, 2001). 

Laser nitriding using 100% N, produces the smoothest surface for both CPTi 
and Ti-6AI1-4V alloys, with R, values of 2.7 um and 4.6 um respectively, but 
this was greater than by laser processing in 100% argon or under a vacuum 
(Hu and Baker, 1999). Baker and Selamat (2008) compared (in Table 12.3) 
the surface roughness of laser processed Ti-6A1-4V following nitriding in 20% 
N:80%Ar (Specimen A), SiC powder melting (Specimen B) and combined 
nitriding 40%N plus SiC powder addition (Specimen C). It is interesting 
to note that the R, value varied with Track number. For Specimen A, R, 
decreased with increasing track number, while with Specimens B and C, the 
roughness increased as the track number increased. The data in Table 12.3 
show that laser processing Ti-6A1-4V following preplacing of SiC powder 
produced a very smooth surface, as R, values increased from of 0.94 um 
to 1.8 um from Track 1 to Track 6 but were still significantly smaller than 
any other R, values collated in this work. However, combining nitriding 
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12.19 Surface morphology after laser processing using a spinning 
beam, showing the origin of roughness bands across the track. 
(Mridha and Baker, 1994a). 


Table 12.3 Surface roughness measurements according to the sequence 
of laser track number for specimens A, B and C (Baker and Selamat, 


2008) 

Specimens Track number Ra um 

A - Nitrided (20%N) 1 5.10 

6 3.10 

12 2.70 

B - SiC preplaced 1 0.94 

3 0.70 

6 1.80 

C - Combination of nitrided (40%N) 1 4.40 

and SiC preplacement 6 7.50 

12 7.20 


with powder placement resulted in a marked deterioration in the surface 
smoothness, with the R, values again increasing with track number, from 
4.4 um for Track 1 to >7 um for Tracks 6 and 12. These were the highest 
values recorded in the work, but still fall within the limits given by Bell et 
al. (1986). 
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12.7.3 Wear 


Titanium alloys have poor fretting fatigue resistance and poor tribological 
properties. Kustas and Misrta (1994), discussing the work of Miyoshi and 
Buckley (1984), note that ‘theoretical calculations have shown that metals 
with low theoretical tensile and shear strengths exhibit higher coefficients 
of friction (u) than higher strength materials’. Within the class of alloys 
with hcp structures, titanium has relatively low values for these properties. 
Consequently, it is expected that it will have high frictional values, which is 
the case for titanium sliding against titanium in air, where = 0.6 (Miyoshi 
and Buckley, 1982). Lower strength materials also show greater material 
transfer to non-metallic counter-faces than higher strength materials. The 
great affinity of titanium for oxygen leads to the formation of oxide, which 
is transferred and adheres to non-metallic materials, such as polymers, 
resulting in severe adhesive wear (Buckley, 1981). Surface modifications 
are therefore required to increase near-surface strength, thereby reducing 
and lowering the tendency for transfer of material and adhesive wear (Kustas 
and Misrta, 1994). 

Following either laser nitriding or laser powder alloying, there are 
reductions in L. and improvements in wear resistance. At higher loads, there 
are several reports of three-body wear, due to hard ceramic particles, which 
were originally part of the modified layer, augmenting the wear debris. 

Yerramarry and Bahadur (1991) were among the first to study both sliding 
wear and abrasive wear of titanium alloys following laser surface modification. 
They assessed the wear following (i) surface melting in an argon atmosphere, 
(ii) nitriding and (iii) nickel alloying, where an electroplated nickel layer 
25-50 [um was surface melted in an argon atmosphere. Sliding wear tests 
were undertaken using a block-on-ring configuration in dry conditions, with 
the titanium alloy sliding against a tool steel. The steady-state wear rate 
decreased from 40 x 10 mm? m! to 0.8 x 10 mm? m! after Ni alloying, 
to 0.5 x 10 mm? m”! after surface melting, while the lowest wear rate was 
0.3 x 10 mm? m1, following laser nitriding. The as-received value of [1 was 
reduced from 0.62 to ~0.43 for all the laser-treated specimens. Ploughing, 
with some adhesive wear, was observed after testing the as-received alloy. 
The abrasive wear test involved dry sand and a rubber wheel, and the wear 
rate of the as-received titanium alloy was about 0.16 mm? m™!, which was 
reduced by a factor of 1.5 for the laser nickel alloying and 3.0 for laser 
nitriding. A higher abrasive wear resistance for Ti-6A]l-4V coincided with 
greater surface hardness and N% (Xin and Baker, 1996; Hu et al., 1997a). 
The thicker the TiN layer, the greater the abrasive wear resistance even when 
fine cracks were found in the layer. Three slopes, associated with different 
microstructures, were seen in the weight-loss versus sliding-distance graphs, 
Fig. 12.20. The wear rate for 100%N CPTi was 0.001mg m™! while that of 


© Woodhead Publishing Limited, 2010 


426 Surface engineering of light alloys 


the untreated CPTi was 0.18mg m"!. Recently, Raaif et al. (2008) determined 
the sliding wear of laser nitrided Cp Ti for 40, 60 and 80%N atmospheres. 
They showed that decreased both with increasing load and %N. Baker 
et al. (1994) and Mridha and Baker (1997, 2007) looked in detail at the 
abrasive wear resistance of laser incorporated small SiC powders. Figure 
12.21 shows that both processing conditions and powder volume fraction 
affect the weight loss. The best results are comparable with those of 1OO%N, 
Fig. 12.20. Also, combining laser nitriding with powder alloying using 6 
uum SiCn gave excellent wear resistance to Ti-6AI-4V (Fig. 12.22). 

The wear resistance developed by laser processing using intermetallic 
powders has been the subject of several investigations. Research by 
Majumdar et al. (2000), found that laser alloying of Ti-6Al-4V with Al, 
Si or Al+Si powders showed improved wear resistance in the order Ti(Si), 
Ti(Al+Si), Ti(Al) and CPTi. The rate of wear was a minimum in Ti(Si) 
and the improvements were considered to be due to Ti;Si; + & Ti eutectic 
following incorporation of the Si addition. In CPTi, an increase in lb was 
associated with severe adhesive wear and localized deformation, which 
was responsible for the formation and propagation of microcracks, while a 
gradual decrease or constant value of uw indicated that the wear was mainly 
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12.20 Weight loss versus sliding distance for specimens ground 
on 600 grit SiC paper for CPTi and Ti-6AI-4V alloys following laser 
nitriding (Xin and Baker, 1996). 
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abrasive in nature. Tian and co-workers laser synthesized a series of MMC 
coatings on titanium alloys, TiN/B/Si/Ni (2005b), TiB/TiB,/Ti/TiNi (2005a), 
TiC/TisSi;/Ti (2006), and C/TiB/Ti (2006b). The TiN/B/Si/Ni (2005b) work 
showed the coating had a u of ~0.4, lower than that of the untreated alloy. 
Slightly higher hardness 1600-1700 HV 9; values were found in the work 
on C/TiB/Ti powders (2006b), which developed coarse, needle TiB and 
dendritic TiC particles, conferring excellent dry sliding wear resistance. 
Dry sliding wear at RT of Ti-Al cladded coatings on CPTi was studied by 
Guo et al. (2007). The best results were obtained from the clad 18 at%Al 
specimen, which was composed of a-Ti and @-Ti;Al. The hardness in all 
the clad specimens showed variations, but peaked at ~700 HV, which then 
gradually decreased to the substrate. This approach was extended to a study 
of TiN/Ti;Al on CPTi by nitriding a coating of Al and Ti powders (Guo et 
al., 2008a), and 40 vol%TiN, TiC or SiC powders, all mixed with Al powders 
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12.21 Weight loss versus sliding distance for specimens ground on 
600 grit SiC paper of CPTi + (a) 5vol%SiC (b) 10vol% SiC (Baker et al., 
1994). 
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12.21 Continued 


on CPTi, to give Ti3Al (Pu et al., 2008). The latter found that TiN/Ti,Al and 
TiC/Ti3Al coatings displayed the best wear resistance at a load of 5N, due 
to the presence of granular TiN/Ti;Al/TiAI/Ti,AIN,/Ti;AIN) phases, giving 
a surface hardness of 1124 HV. 

In an attempt to form a hard amorphous coating, Zr-based alloy powders 
laser-clad on a pure Ti substrate were investigated by Wang et al. (2004). 
The un-lubricated coating showed a lower pL, 0.17—-0.25, than that of the 
amorphous alloy, ~0.52, while the predominant wear mechanisms were 
abrasion and peeling. A series of papers (Wang et al., 2000; Wang and Liu, 
2002; Wang and Wang, 2004; Dong and Wang, 2008) have highlighted the 
combination of excellent tribological and corrosion properties of a multiphase 
structure consisting of a brittle Laves phase Ti,Ni,Si, toughened by a ductile 
NiTi phase. The properties were attributed to the chemical stability of the 
phases and their strong inter-atomic bonds. 

A selection of relative wear loss values for CPTi and Ti-6AI-4V laser 
surface engineered surfaces is collated in Table 12.4. 
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12.22 Abrasive wear resistance of pulse (P) and continuous (S) CO, 
laser nitrided and powder alloyed Ti-6AI-4V (Hu et a/., 1999). 


Table 12.4 Selection of relative wear loss values for CPTi and Ti-6AI-4V laser 
surface engineered surfaces 


Alloy Coating Test R Reference 
Ti-6AI-4V Ti, + Cr203 5 pin on disc - abrasive 4 Zang et al. (2001) 
Ti-6AI-4V  — 100%N s “ 7.5 Xin and Baker (1996) 
Ti-6AI-4V = 100%N dry sand/ rubber 
wheel abrasive 3 Yerramareddy and 
Bahadur (1992) 
CPTi 100%N pin on disc - abrasive 100 Xin and Baker (1996) 
CPTi 33%N67%CO dry sand/ rubber 
wheel abrasive 17 Grenier et al. (1997) 
CPTi 10%SiC, (3-6 um) pin on disc - abrasive 100 Baker et al. (1994) 
CPTi Ti3Al, recip. ball on disc 1.86 Pu et al. (2008) 
CPTi TigAlp + 40%TiC, 105” 
(2-12 um) 
CPTi TigAl, + 40%TiIN, —” 140 =” 
(4-14 um) 
CPTi Tiz3Al, + 40%SiC, =” 4.8 , 
(75-150 tum) 


wear loss of untreated alloy 


R = Relative wear loss = 
wear loss of laser surface coated alloy 


(Because the testing conditions vary, R values can provide only an indication of 
the level of improvement in the wear) 
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12.7.4 Erosion of titanium alloys 


Erosion is an accelerated form of attack, usually associated with high water 
or solid particle velocities and with local turbulence that removes the oxide 
film from the surface of metals, thus exposing bare metal to the corrodent. As 
a result of its ability to repair its protective oxide film quickly, titanium has 
an extremely high resistance to this form of attack. The erosion resistance of 
titanium alloys has been studied mainly from two aspects; firstly, resistance to 
solid particle erosion and secondly, resistance to water droplet impingement. 
Erosion of ductile metals is often the result of several simultaneous material 
removal mechanisms. Massoud and Coquerelle (1988) undertook erosion 
studies on Ti-6A1-4V alloy by impinging SiC particles onto the alloy surface 
at different angles. They found that the maximum rate of erosion coincided 
with an angle between 20 and 30°, which is well established for ductile 
metals, compared with 90° for brittle materials. Within this impingement angle 
range, impact craters were elongated in the direction of the particle motion 
and the predominant modes of erosion seem to be ploughing and cutting. At 
higher impingement angles, the main modes of erosion were deformation and 
extrusion of metal, to form a raised region around the crater. Many SiC particle 
fragments were embedded in the surface. Adherence of the target material 
to the eroding particle surface has been identified as an important material 
removal mechanism. Here, large Ti chips were adhered to SiC particles. No 
melting was observed in this work. The same features were recorded by 
Yerramarry and Bahadur (1991), again studying Ti-6AI-4V alloy impacted 
by SiC particles. Material removal was attributed to cutting, ploughing or 
pile-up leading to flake formation and separation, and lip fragmentation. 


Erosion resistance of hard coatings 


Singhal (1978) showed that TiB—TiN coatings were erosion resistant. Massoud 
and Coquerelle (1988) observed that the thickness of these nitrided coatings 
appeared to be crucial to the erosion resistance of laser nitrided titanium alloys. 
They found that laser nitrided surfaces had better erosion resistance than 
titanium nitride surfaces prepared by PVD, where spalling damage removed 
the TiN coating from the substrate after only a few impacts. However, hard 
dense coatings of TiB—TiN, 20 to 30 um in thickness, with surface hardness 
of ~1400 HV, were rapidly damaged because of cracking due to the brittle 
nature of the layer, but thicker layers (80 um) showed a slower erosion rate. 
Yerramarry and Bahadur (1991), again studying the effectiveness of laser 
surface modification on Ti-6AI-4V alloy, found that in their tests involving 
high velocity impacts by coarse SiC particles of 120 grit (100 tm), erosion 
of the surface produced deep craters which extended beyond the laser treated 
region for all the treatments. They concluded that laser treatments were 
ineffective in preventing severe erosion by coarse particles. 
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The ultrasonically-induced cavitation erosion in a 3.5% NaCl solution 
of laser nitrided CPTi and Ti-6Al-4V in a pure nitrogen atmosphere was 
considered by Man et al. (2003). They produced crack-free surfaces with 
a hardness of ~2000 HV, followed by a microstructure with a hardness 
of 800 HV retained to a depth of ~400 um. The cavitation resistance was 
improved by twelve times following laser nitriding, and this was attributed 
to the increased surface hardness, which Neville and McDougall (2001) 
reported to be related to the erosion—corrosion resistance for Ti alloys. 


Water droplet erosion 


Laser nitriding using a CW CO, laser has been the most researched method 

of improving erosion resistance of Ti-6AI-4V alloy. Contrary to abrasion 
and sliding wear, hardness alone is not considered to be a major factor in 
effecting erosion resistance, as residual stress plays a major role in erosion 
resistance of TiN layers (Sue and Troue, 1988). Gerdes et al. (1995) showed 
that laser nitriding improved water droplet erosion resistance. More recently, 
Kasper et al. (2007) investigated the influence of percentage nitrogen on the 
erosion resistance of Ti-6AI-4V following water droplet testing. Again, they 
found an improvement once the nitrogen level was >5%, but little difference 
in the cumulative volume loss for nitrogen levels between 9 and 25%. When 
the nitrogen content was < 5%, the matrix was mainly martensitic d-Ti, and 
erosion proceeded along the boundaries of the martensitic needles, whereas 
with nitrogen >5%, the microstructure consisted of small a-Ti grains with £-Ti 
between them, which eroded more rapidly. They attributed the best erosion 
resistance to the presence of a more homogeneous, crack-free microstructure. 
Two sets of researchers, Robinson and Reed (1995) with Robinson et al. 
(1995), and Hu et al. (1997b), used the same test rig to evaluate the water 
droplet erosion resistance of laser nitrided Ti-6A1-4V alloy. The conditions 
during testing were designed to approximate the actual operating conditions 
in the LP stage of a steam turbine, with a spray droplet size of ~100 um. 
The impact velocity of ~500 ms"! is well into the regime of impact velocities 
under which the wear mechanism is dominated by erosion alone (Coulon, 
1986). Robinson and Reed (1995) compared three environments, Ar, 1O%N 
+90%Ar and 20%N +80%Ar. They observed cracks after laser nitriding, but 
a significant reduction in the weight loss of the specimens laser nitrided in 
the 20% N. Hu et al. (1997a), using a spinning beam, extended the work to 
include nitriding under 60%Ar + 40%N. They also compared the effect of 
grinding 100-180 um from the laser nitrided surfaces to give a smoother 
surface before testing. This would remove any TiN layer and expose the TiN 
+d-Ti microstructure to the erosion jets. Fig. 12.23 shows that grinding had 
a beneficial effect on the erosion resistance, thought to be due to reducing 
the level of the residual stress. 
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12.23 A comparison of water droplet erosion results from nitrided 
Ti-6AI-4V surfaces with and without grinding (Hu et a/., 1997a). 


The solid particle and cavitation erosion of titanium aluminide intermetallic 
alloys was investigated by Howard and Ball (1995). They concluded that 
the y-TiAl alloys they examined were more resistant to cavitation erosion 
than the super @-TiAl alloy, while the particle erosion due to the impact 
of angular 120 grit (~100 um dia.) SiC, of both types of TiAl alloys, was 
similar to that of 304 stainless steel. 
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12.7.5 Oxidation resistance 


Hirose et al. (1993) were among the first to explore the oxidation resistance 
of laser alloyed titanium aluminides on CPTi. Testing at 1000°C, they found 
that the layer comprising TiAl, + TiAl had the best oxidation resistance. 
In other work, a laser synthesized TiN/B/Si/Ni coating on titanium alloys 
was shown by Tian et al. (2005) to be ~four times more resistant than the 
untreated alloy to oxidation after 70 h at 750°C. Liu and Wang (2006, 2007) 
found that the high temperature oxidation resistance, measured after 50 h at 
1000°C, of 50:50 mixed powders of Ni-20wt-%Cr alloy and Cr3C, was 2.5x 
superior to the untreated TiAl alloy. This was shown to be associated with 
the compact oxide scale consisting of TiO2/0-Al1,03/Cr.03, which protected 
the y/Cr7C3/TiC composite coating from excessive oxidation attack. Al-rich 
TiAl, layers have superior oxidation resistance at ~800°C to that of Ti alloys 
(Garcia et al., 2002) as does TiC formed on y-TiAl alloyed with carbon 
(Chen and Wang, 2003). 


12.8 Summary 


Laser surface modifications to produce clad and surface-alloyed coatings on 
titanium alloys have been extensively studied. Laser nitriding has been widely 
investigated, but when high concentrations of nitrogen are used, cracking 
is invariably found, often penetrating from the surface to the substrate. 
Preheating, or the use of dilute nitrogen atmospheres, avoids cracking but at 
the expense of lower surface hardness and poorer wear properties. However, 
significant reductions in water droplet erosion have been recorded compared 
with that of the untreated titanium. Powders, incorporated via the gas-flow 
injection technique, or as a preplaced slurry, have been used to precipitate 
borides, carbides, nitrides and silicides, singly or in combination, sometimes 
with nitriding, as a means of producing a thick, hard, crack-free coating 
having good wear and high temperature oxidation resistance. It is concluded 
that different applications require different properties in the laser modified 
surfaces. Whereas high hardness is important for dry sliding wear resistance, 
strong bonding between the new phases developed during laser processing 
are important for abrasive wear resistance. On the other hand, improved 
hardness, but with a smooth surface with R, < 5 um, together with a low 
residual stress, provide the best combination for erosion resistant surfaces. 
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Laser surface modification of aluminium and 
magnesium alloys 


J. C. BETTS, University of Malta, Malta 


Abstract: Aluminium and magnesium alloys are choice materials for 
research, development and application of surface engineering techniques. 
Favoured for their low density and ease of fabrication, combined with good 
mechanical properties, they demonstrate a poor resistance to surface wear; 
and magnesium alloys are particularly susceptible to corrosion. Due to the 
flexibility and relative ease of control of laser processing techniques and the 
limited or negligible effect on the bulk material, the modification of surface 
properties by means of such methods has been extensively investigated. 
The range of laser surface processes applied to light alloys includes simple 
remelting of the alloy surface; remelting with the addition of alloying 
elements or ceramic particles; cladding with a layer of material having 
different properties; and shock processing to create residual stresses in the 
surface. 


Key words: Aluminium alloys, magnesium alloys, laser alloying, laser 
cladding, surface particle composites, laser shock processing. 


13.1 Introduction 


Aluminium and magnesium alloys have found application in the transport 
industry due to their low density and ease of fabrication. However, they have 
poor tribological properties in terms of resistance to surface wear. Although 
aluminium alloys have good resistance to corrosion, magnesium alloys are 
particularly susceptible. In addition, there is no martensitic hardening in Al 
and Mg alloys and hence they cannot be deep-case hardened by induction 
hardening or carburising/quenching, as used for steel. Thus they are choice 
materials for the application of energy beam surface engineering procedures, 
and due to the flexibility and relative ease of control, laser assisted surface 
engineering processes have been extensively investigated. 

The range of laser surface engineering processes applied to light alloys 
can be subdivided into two groups: laser surface modification by remelting 
(with or without the addition of material), and laser shock processing. The 
former, and more extensive, requires remelting of the alloy surface to a depth 
limited by process parameters, together with a change in material structure 
or composition. Following a brief section on general considerations on the 
laser processing of light alloys, this chapter will proceed to deal with laser 
remelting processes, which favourably alter the properties of the surface. 
The subsequent section will describe laser beam alloying, in which the 
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composition of the remelted surface is modified by the addition of alloying 
material. Laser beam cladding, in which the surface is melted to bond to 
a new surface layer of material deposited over it, is considered next. This 
first group of processes will be concluded by a section on alloying and 
cladding processes that produce composite surfaces reinforced with ceramic 
particles. 

The second and less extensive group includes laser shock processing 
techniques, which create residual stresses in the surface that affect the 
mechanical properties of the material. Current and potential research trends 
will conclude this chapter. 


13.2 General considerations on the laser processing 
of light alloys 


Laser surface processing of materials includes a wide variety of additive, 
mutative or subtractive processes. Most of these are applied to high performance 
metal alloys or to composites with a metal matrix. Titanium, aluminium 
and magnesium alloys combine high performance with low density, and 
the potential for surface modification or augmentation by means of laser 
processing, combined with the limited or negligible effect of these processes 
on the bulk material, has contributed to the high interest generated in them. 
Aluminium and magnesium alloys will be considered in this chapter, whilst 
titanium alloys are considered in Chapter 12. To date, the laser treatment of 
aluminium alloys has featured more prominently in peer-reviewed publications 
and conferences than the laser treatment of magnesium alloys. 

Laser treatment offers high-precision control over the process and the 
dimensions of the treated zone. Complex, three-dimensional surfaces can 
be treated with relative ease (Fig. 13.1) by means of Computer Numerical 
Control (CNC) (Wu, 2008); the treatment can be applied to selected areas, 
and thus only where required. CNC laser systems are highly versatile, and 
can be applied to a range of processes instead of being dedicated to a specific 
application. Competing processes such as electrochemical plating, conversion 
coating, anodizing, gas-phase deposition processes and the application of 
organic coatings (Gray and Luan, 2002) offer less flexibility than laser 
processes. Other processes which are in more direct competition with laser 
alloying and cladding include thermal spraying processes (Chapter 7). These 
generally require less expensive equipment, but the integrity of the coating 
produced by laser processes is higher; precision is higher in laser processes, 
and the distortion in the component equivalent or less (Ion, 2005, p. 299). 

As indicated in Chapter 12, the field of laser processing is dominated by 
CO, and Nd:YAG lasers, with the former being the first to be applied and 
the latter increasing in popularity as their power output increased with time, 
due to the higher absorptivity of their wavelength by metal alloys (although 
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13.1 CNC laser beam cladding over a complex surface. 


this is less significant for Al alloys than for steels) (Modest, 2001). Laser 
shock processing could only be developed once pulsed Nd:YAG lasers 
were available, due to the requirement for high-frequency, short-pulse laser 
impulses which cannot be produced by a CO, laser. Diode and excimer 
lasers are now providing competition to both of these. Table 13.1 indicates 
the applications identified for different types of laser in the literature. 

The other system components required include material support, retention 
and movement systems, which are usually based on three or more axis 
CNC systems; and the optical components used to deliver the beam to the 
required location and focus it, which may include Mo-coated, water-cooled 
copper mirrors, ZnSe lenses, and, in the case of Nd:YAG, diode and other 
shorter wavelength lasers, optic fibres. In the case of laser shock treatment, 
the component is submerged under a shallow depth of water, and thus a 
containment system is required. Preplaced deposition of powder for alloying 
and cladding processes using a bonding agent such as polyvinyl alcohol (as 
used, for example, by Jaffar et al., 2005) is gradually falling in disfavour, and 
is being replaced by direct delivery or by other pre-process coating methods 
such as electroless deposition (Yang et al., 2005; Cui et al., 2008; Gordani 
et al., 2008; Razavi et al., 2008); sol-gel coating (Lopez et al., 2009); or by 
thermal spray deposition (Shibata and Matsuyama, 2000) or plasma spray 
deposition (Carroll et al., 2001). 

For direct deposition laser alloying and cladding, a material delivery 
system transporting wire or powder is usually used, the latter being more 
popular due to greater ease and flexibility of application when depositing 
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Table 13.1 Lasers used for surface engineering of light alloys 


Laser type Applications Alloys 
CO, Remelt Aluminium 
Magnesium 
Alloying Aluminium 
Magnesium 
Cladding Aluminium 
Magnesium 
Composite surface Aluminium 
Magnesium 
Nd:YAG Remelt Aluminium 
Magnesium 
Alloying Aluminium 
Magnesium 
Cladding Aluminium 
Magnesium 
Composite surface Aluminium 
Magnesium 
Shock processing Aluminium 
Surface cleaning Aluminium 
Diode 940nm Remelt Aluminium 
Diode* Magnesium 
Diode 940nm Cladding Aluminium 
Excimer KrF 248nm Remelt Aluminium 
Excimer XeCl 308nm Magnesium 
Excimer* Magnesium 


*Wavelength not specified 


in complex patterns, and a far wider range of material availability, further 
enhanced by the possibility of blending powders. 

Lateral powder delivery, as used by Ignat et al. (2004a) for the cladding 
of WE43 and ZE4 magnesium alloys with Al powder, and by Yang and Wu 
(2009) for the cladding of AZ91D Mg alloy with Al and Si powder, provides 
a cheap and simple method of powder delivery. Coaxial delivery is, however, 
generally preferred as the rate of powder deposited per unit area is, in this 
case, not altered by a change in direction of motion causing a variation in the 
relative velocities of the powder stream and the component being treated (as 
in the case of lateral deposition methods, including wire material delivery). 
A coaxial delivery head with powder delivery apertures surrounding the laser 
beam exit aperture is shown in Fig. 13.2. For all powder delivery techniques, 
a powder feeder with a variable powder metering system and a gas—powder 
transport system are required. In some cases, processes are carried out in 
sealed enclosures that contain an inert atmosphere, preventing reaction with 
atmosphere gases and also enclosing powder and metal fumes. 
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13.2 Coaxial nozzle showing flow of powder, with laser beam off. 


These components of laser processing and other equipment, including 
safety equipment and process monitoring and control systems, will not be 
considered in detail here. 


13.3 Laser surface remelting of light alloys 


Laser surface remelting of aluminium alloys requires the application of a 
laser beam in pulsed or continuous wave (constant power with time) mode 
to melt a shallow depth of the material surface and allow it to resolidify 
by quenching by the cooler bulk of the material once the laser beam has 
moved on. An inert atmosphere is required if any form of reaction (usually 
with atmospheric oxygen or nitrogen) is to be avoided (Lindner et al., 
1990), and this is achieved by using a jet of shielding gas or by carrying 
out the process in a controlled enclosed environment. The laser remelting 
(or melting) process produces three beneficial results in the re-solidified 
material: grain refinement; a more homogeneous redistribution of alloying 
elements within the alloy; and the creation of intermetallic phases resulting 
from reactions of alloying metals in the laser-created molten pool (lon, 
2005). Grain refinement can increase surface hardness and the resistance 
to wear, factors of major importance for aluminium alloys (Chapter 2). 
The creation of intermetallic phases can produce a similar result, but this is 
more effectively produced by the addition of alloying elements by means 
of laser beam alloying. Homogenization is usually beneficial to corrosion 
resistance as a consequence of the elimination of isolated phases of alloying 
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elements from grain boundaries and their uniform dispersion by convection 
in the melt pool. 


13.3.1 Laser surface remelting of Al alloys 


Although aluminium alloys are difficult to process due to their high thermal 
conductivity and diffusivity, and the high reflectance at laser wavelengths 
(Lindner et al., 1990; Joshi and Sundararajan, 1998), the potential improvement 
of tribological properties has encouraged research in this field. Ion (2005, 
p. 273) reports 35 studies carried out between 1979 and 2003 on remelting 
(and in some cases alloying) of Al alloys, using mainly CO, lasers. Although 
alloying and the introduction of ceramic particles can provide a greater increase 
in hardness, remelting remains popular due to the relative simplicity of the 
process, which requires no infrastructure for the addition of material. 

Laser melting and resolidification of a material surface produces residual 
stresses due to the rapid cooling. The application of a CO) laser beam both in 
Continuous Wave (CW) (Liu et al., 2005a) and Pulsed modes (Tsagkarakis 
et al., 2002) could result in cracking in laser remelting processes. Liu et al. 
(2005a) reported cracking along grain boundaries due to the high thermal 
stress produced by fast scanning speeds, above 50 mm s”', avoided by using 
lower traverse rates. Tsagkarakis et al. (2002) encountered cracking across 
the depth of the melted zone for melted spots produced with interaction times 
greater than 100 ps. These were eliminated by the application of shorter 
pulses producing shallower melting zones; this also resulted in a beneficial 
finer microstructure with smaller grains. 

The investigation and determination of thermal stresses is fundamental to 
the successful application of these processes, in particular where corrosion 
or fatigue conditions may be encountered. Thus, for example, Yilbas et al. 
(2009) carried out CO, laser pulsed remelting of an aluminium surface and 
modelled the stress field in the irradiated region z to determine temperature 
distribution and thermal stresses with laser pulse duration, the results 
of modelling being verified using X-Ray Diffraction (XRD). The model 
indicated an initial rapid increase in surface temperature followed by an 
almost steady increase to maximum temperature; the corresponding rate of 
cooling is initially high, but progressively diminishes. The result of this was 
a high stress field being developed in the surface of the remelted material 
in the early stages of cooling, although the values attained, in the order of 
a few MPa, were lower than required for crack formation. 

Biswas et al. (2008) carried out remelting to increase hardness and 
achieved 85 HV as opposed to 55 HV for the as received Al-11Si alloy. The 
microstructure was changed from coarse grained Al with Al-Si lathy eutectic 
to a dendritic microstructure, with interdendritic Al-Si eutectic. As expected 
from the increased rate of cooling, the dendrite arm spacing decreased with 
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laser beam traverse rate. Control of dendrite arm spacing in Al-Si alloys, 
and consequently of the remelted material hardness, is made possible by 
adjustment of the quenching rate (Haddenhorst et al., 1988; Lindner et al., 
1990). At the higher traverse rates applied by Biswas ef al. (2008) (12 mm 
s! for a 2.3 kW beam of 2 mm diameter), a cellular, refined microstructure 
was produced, and the Al-Si phase shape changed from lathy to globular. 
Pin-on-disc wear tests confirmed that the increase in hardness resulting from 
grain refinement improved the resistance to wear. 

The effect of remelting on the resistance of aluminium alloys to corrosion 
is generating greater interest. In the same study mentioned above, Biswas et 
al. (2008) reported that potentiodynamic polarisation tests in 1 mole H,SOx,, 
1 mole HNO; or 3.5% NaCl revealed that the resistance to corrosion was 
increased in the remelted alloy, when compared to the untreated material, 
in the case of the nitric acid solution only. 

In an earlier study, Yue et al. (2004) had used an excimer laser of 248 nm 
wavelength, applied in 25 ns pulses at 20 Hz, giving an energy density of 
10.3 Jem™, using dry air for shielding. The remelting of an AISI7075 alloy 
produced two superimposed layers of aluminium oxide layers at the surface 
of the remelted zone as a result of reaction with oxygen from the shielding 
air flow. These were found to be effective barriers against corrosion attack, 
and potentiodynamic polarization test results showed that the corrosion 
current was reduced by six times and a passive region was obtained. The 
untreated specimen suffered widespread pitting corrosion in contrast to isolated 
attacks on the laser-remelted surface. Xu et al. (2006b) applied the same 
process to remelt aluminium alloy AISI6013 to improve pitting corrosion 
fatigue resistance. In the remelted layer constituent, Al-Fe—Mn particles 
and grain boundary precipitates that were present in the original material 
were largely eliminated. AIN or Al,O3 layers were created at the surfaces 
produced by respectively using a flow of nitrogen or air over the excimer 
laser melt pool. Analysis of the electrochemical impedance measurements 
showed that these layers reduced the rate of electrochemical reaction. The 
corrosion fatigue lives of the air-treated and the N>-treated specimens were 
two to four times longer than those of the untreated specimens, and pitting 
resistance was improved. The report, however, stated that the overall rate 
of fatigue crack propagation of the laser-treated material could have been 
higher than in the untreated specimens due to the development of fewer 
crack fronts in the former, and the consequent generation of high stress 
concentrations. 

Liu et al. (2005a) used a CO, laser to remelt AA 2014-T6 and AA 2024- 
T351 alloys and investigated corrosion resistance by means of potentiodynamic 
anodic polarization tests in 1 mM NaCl solution. The as-received material 
included randomly distributed intermetallic particles, such as Al,Cu in AA 
2014-T6 or Al,CuMg in AA2024-T351, with an Al-Cu-Mn—Fe-Si phase 
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in both. Laser surface melting produced cellular/dendritic microstructures 
with refined second phase particles in both alloys. In the AA 2024-T351 
alloy, some of Al,CuMg phase was converted into Al,Cu due to the selective 
vaporisation of magnesium during the process — this occurrence is relevant to 
elements which can vaporise easily. In this study, EPMA analysis revealed 
that the average concentration of magnesium was reduced from 0.61 and 1.30 
wt% in the as-received AA 2014-T6 and AA 2024-T351 alloys to 0.32 and 
1.05 wt% in the laser-treated surfaces. The remelting process produced an 
increase in copper solubility, which resulted in a higher corrosion potential. 
In the AA 2014-T6 alloy the cathodic nature of the Al,Cu phase relative to 
the a-Al solution reduced the galvanic coupling between the intermetallic 
phase and the matrix, thus reducing the driving force for pitting corrosion. In 
the AA 2024-T351 alloy, however, due to the anodic nature of the Al,CuMg 
phase relative to the a-Al matrix, the higher copper solubility in the matrix 
increased the driving force for pit initiation due to the higher potential 
difference between the two phases. The laser remelting process actually 
promoted pitting corrosion of the AA 2024-T351 alloy. The effect of laser 
remelting on pitting corrosion was thus demonstrated to be dependent on 
the electrochemical characteristics of second phase particles relative to the 
matrix, and, depending on the alloy composition, could be improved or 
exacerbated (Liu et al., 2005a). 

Yue et al. (2006) investigated the effect of Nd:YAG laser remelting on 
stress corrosion cracking performance by loading specimens in a three-point 
bending tester whilst immersed in a 3.5% NaCl solution. The process was 
applied in either air or nitrogen shielding. In both cases, coarse constituent 
particles present in the 7075-T651 alloy were removed and the structure was 
transformed to a fine cellular/dendritic one. The main difference afforded 
by the nitrogen shielding was the presence of an AIN phase, identified by 
XRD. This phase was to produce an important result: the untreated specimens 
were severely attacked by corrosion, with intergranular cracks forming along 
the grain boundaries of the specimen; the specimen treated in air presented 
some long stress corrosion cracks following the interdendritic boundaries, 
and relatively large pits; but the nitrogen-shielded specimens presented only 
a few, short stress corrosion cracks. This superior performance was attributed 
to the AIN phase formed by remelting at the surface acting as an electrical 
insulator and providing a film resistance higher than those of the untreated 
or unshielded specimens. 

Laser remelting has also been applied to aluminium alloy-matrix composites. 
Hu et al. (2007a; 2007b; 2008) reported the remelting of an alumina borate 
whisker-reinforced composite with an Nd: YAG laser. The whisker presence 
was reduced, and the intermetallic CuAl, was eliminated and replaced by 
gamma alumina and boron oxide. The remelted areas were relatively defect 
free, and improvements to passivation depended on a balance between less 
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homogeneity at low power (500 W, 0.4 mm diameter beam) and a greater 
number of defects at higher power (900 W, 0.4 mm diameter beam). The 
microhardness was increased from 178 HV to 294 HV due to the creation 
of a fine dendritic microstructure, solid solution hardness, the presence of 
the hard Al,O3 ceramic phases and grain refinement. Rams et al. (2007) 
surface-treated A361 and A360 aluminium alloy-matrix composites reinforced 
with 10 and 20 vol% SiC particles. The remelting process was intended to 
eliminate the presence of SiC particles disrupting the continuity of the Al,O; 
protective layer on the surface of the material. A high power diode laser 
was used to homogenize the surface and refine the grains. This resulted in 
an increase in hardness of 48-80% for the various material combinations 
treated. The materials showed higher polarization resistance than the original 
composites, and differences between the corrosion and pitting potential values 
reduced pitting corrosion. Care had to be taken however to avoid excessive 
decomposition of the SiC, and the formation of harmful aluminium carbides 
which reduce corrosion resistance. 

The surface of a laser-remelted alloy has its texture altered (Tsagkarakis 
et al., 2002; Biswas et al., 2008) by the solidification of ripples produced 
by convection in the melt zone or by cratering resulting from evaporation. 
Pantelis (1998) describes the effect of excimer laser fluence on surface 
roughness, indicating that at values below plasma formation an improvement 
to micro-roughness is achieved by removal of grease, oxides, abrasive particles 
and deformation layers; whilst above plasma formation, melting produces 
a ridged wave morphology, increasing roughness, although further increase 
in fluence produces more complex but smoother surfaces. Spadaro et al. 
(2007) used the surface modification effects of laser remelting to improve 
the adhesion of structural joints in aluminium alloys. A general increase in 
adhesive fracture energy with the single-pulse beam energy was attributed 
to a microscale texture effect increasing the specific surface area and sites 
for mechanical keying between the components and the adhesive. 


13.3.2 Laser surface remelting of Mg alloys 


Laser remelting processes for magnesium alloys are similar in aim to those 
designed for aluminium alloys, and are intended mainly to refine the grains and 
homogenize alloy distribution in the material in order to improve resistance 
to wear and to corrosion. Grain refinement, solid solution hardening and 
increase in intermetallics resulting in an increase in surface hardness and 
wear resistance are reported (Wu, 2008; Mondal et al., 2008). 
Fundamental research on remelting requires data on physical properties 
of the alloys being treated; thus, Ignat et al. (2004b) carried out a practical 
investigation on the absorptivity of the Nd: YAG laser wavelength by WE43 
and ZE41 with different pre-process surface treatments applied, determining 
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values of absorptivity between 0.2 and 0.65 for WE43 and up to 0.85 for 
ZE41, the specific value for each condition depending on the pre-treatment, 
the laser intensity and whether melting was achieved or not. Liu et al. (2005b) 
applied numerical simulation to determine a low absorption coefficient of 0.04 
at the Nd:YAG laser wavelength for a Mg-Al alloy including Ce. Research 
is also being carried out on the remelting process to understand temperature 
variation and heat transfer in the area of interaction and fluid velocities in 
the melt zone (Abderrazak et al., 2008). 

Majumdar et al. (2003) reported high absorption of the 308 nm wavelength 
for investigations on the effect of an XeCl excimer laser on material 
homogeneity of AZ91-T4 Mg alloy. The untreated material presented a 
Mg,,Al,, intermetallic phase at grain boundaries, and had a low hardness 
of 100 HV. Pulsed laser remelting resulted in the precipitation of MgO and 
Mg3N) particles of 10-15 nm size, a grain size reduction to 200-300 nm, 
and an increase in hardness to 150-175 HV produced by these combined 
effects (Majumdar et al., 2000; 2002; 2003). Jun et al. (2008) reported 
homogenisation of AZ91D as a result of pulsed Nd: YAG laser remelting, and 
an increase in hardness similar to the values indicated by Majumdar et al. 
An increase in hardness was reported for higher speeds and lower powers as 
these parameters produced a finer microstructure. Pin-on-disc testing indicated 
an improvement in performance resulting from grain refinement and solid 
solution hardening. Ghazanfar et al. (2006) reported similar improvement for 
AZ31 and AZ61 remelted with a diode laser, but achieved lower hardness 
values of 89-80 HV for AZ31 and 92-105 HV for AZ61. Pin-on-disc tests 
indicated an improvement of 2.5x over untreated alloys. Zhang et al. (2008a) 
reported an increase in hardness to 55—75 HV in CO, laser-remelted AM50 
alloy, compared with 40 HV for the untreated material, the ball-on-flat wear 
volume loss being decreased by 42%. 

Mondal et al. (2008) report characteristic grain refinement and the creation 
of a fine cellular and dendritic structure produced by Nd: YAG remelting of 
ACM720 alloy. This process is of particular interest to the automotive engine 
and power train industry as it enhances creep-resistance, castability and 
cost effectiveness. The composition of the treated alloy consisted of a-Mg, 
AlgMns and Ca3;Sno9 phases — the Ca being included in the alloy to increase 
creep resistance. The laser treatment doubled surface hardness and reduced 
the wear rate, due to grain refinement and solid solution strengthening. 

Long-term linear polarization resistance and electrochemical impedance 
spectroscopy measurements on laser remelted and untreated ACM720 
confirmed that the polarization resistance values of the treated alloy were 
twice those for untreated material. This improvement was attributed to the 
absence of a cathodic Al,Ca phase at the grain boundaries of the remelted 
material, as well as microstructural refinement and extended solid solubility 
resulting from rapid solidification (Mondal et al., 2008). 
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Liu et al. (2005b) laser-melted a magnesium alloy that included Ce to 
produce the typical fine dendritic structure and increase hardness. XRD 
identified B-Mg,7Al,7 and a-Mg dendrites; other unidentified intermetallics 
were noted. The Ce produced an oxide film that complemented the overall 
micro-structural refinement in enhancing corrosion resistance. 

Wu (2008) reviewed laser processing of Mg alloys and listed several 
reports of laser remelting to improve corrosion resistance by means of 
dissolution of intermetallics and re-solution of alloying elements in solid 
solution, for example in Mg-Y-Zn alloys. Grain refinement was reported 
to assist corrosion resistance as it reduces the anode-to-cathode area ratio, 
diminishing initiation of corrosion. Finer grains also permit formation of a 
more homogeneous surface film, reducing tendency for pitting. Examples 
of corrosion resistance enhancement by grain refinement include the laser 
surface remelting of Mg-Li alloy MA21. 


13.3.3 Conclusions on laser surface remelting processes 


Laser beam remelting is the simplest of the processes described. It is the 
most easily adaptable to surface processing of complex shapes as no powder 
delivery is required (as in alloying and cladding); nor does the component 
need to be submerged (as in laser shock treatment). For similar reasons it 
is also the cleanest, as no powder materials or liquids are required. The 
process is however limited as it produces limited effects on the material as 
the composition of the latter is unchanged, unless volatile elements evaporate. 
Laser surface alloying (Section 13.4), cladding (Section 13.5) and surface 
particle composite fabrication (13.6) overcome this limitation by means of 
the addition of other materials to the original alloy. 


13.4 Laser surface alloying of light alloys 


Laser alloying can be an unintentional result of laser remelting: the reaction 
of the remelted substrate with atmospheric oxygen or with nitrogen from the 
atmosphere or shielding gas has previously been indicated (Lindner et al., 
1990; Yue et al., 2006; Xu et al., 2006b). The alloying process is, in fact, 
laser remelting with the addition of alloying material, usually in powder 
form. Several elements have been considered including Si, Fe, Ni, Cu, Zr, 
Mn and Bo, separately and combined (Kovalenko, 2001, p. 284). Some of 
the reported alloying processes use ceramic materials such as SiC and Al,03, 
producing particles embedded in a matrix. These will be considered in a 
subsequent section. Table 13.2 lists materials used for alloying, cladding 
and particle reinforcement. 
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Table 13.2 Materials used for laser alloying, cladding and composite surface 
fabrication applied to Al and Mg alloys 


Al alloys Mg alloys 
Materials for alloying Si, Fe, Ni, Cr, Cu, Zr, Mn, Bo; Al, Cu, Ni, Si 

Al-Nb; Al-Cr-Mo-Nb; Ni-P; Fe30, 
Materials for cladding Ni; Al-Si; Ni-Al; Cu-Al; Cr-Al Al, Zr; Al-Si; Al-Mn 
Materials for composite SiC, Al,O3, TiC, TiBz; SiC-Ni, SiC-Al, SiC; SiC-Al; Al,03-Al; 
surfaces WC-Mo; Mo-Si-C; Ti-WC-NiAI; Al,03-Al-Si 


Ti-W-C-NiAlI; Ti-Al-Fe-B 


13.4.1 Laser surface alloying of Al alloys 


The choice of alloying material may be constrained by process parameters 
or performance requirements. Zirconium and titanium, for example, form 
intermetallics with aluminium; however, their melting point is relatively 
high, and effective melting of these elements may result in the evaporation 
of some of the aluminium, potentially creating pores in the surface layer. The 
alloying of aluminium with iron produces useful intermetallic phases, but 
lowers the corrosion resistance of the surface. Carroll et al. (2001) reported 
several potential metastable iron—aluminium intermetallics that could be 
formed by rapid solidification of aluminium alloyed with iron powder, but 
investigated mechanical improvement rather than corrosion resistance, and 
managed to attain a hardness between 200 and 700 HV (compared to 90 HV 
for the as-cast alloy), and a threefold improvement of wear resistance. 

The addition of chromium to aluminium alloys does not produce a similar 
disadvantage, but the acicular morphology of the intermetallics makes it 
less popular than nickel for this purpose. The latter produces a fine feathery 
eutectic that increases strength, retains ductility, and also improves the high- 
temperature performance of the surface. Manganese is particularly suited for 
alloying with the popular Al-Si alloys as the manganese silicides produced 
have a high hardness (Lindner et al., 1990). Silicon is another useful alloying 
element which, if added in a quantity greater than the eutectic proportion, 
can precipitate to form dispersed, hard silicon crystals (Blank et al., 1987; 
Pei and de Hosson, 2000). 

As in the case of remelting, investigations on the process dynamics and 
heat transfer are still the subject of ongoing research. Almeida and Vilar 
(2008) have modelled temperatures in the melt pool formed when alloying 
commercially pure aluminium with blends of aluminium and the transition 
metals Cr, Mo or Nb. Some undissolved particles of the transition metals 
survived the process due to their high melting temperatures, and sank to the 
bottom of the melt pool. A diffusion zone formed around these, creating 
undesirable brittle intermetallics and resulting in the nucleation of cracks. 
Effective alloying was achieved only when the temperature (as indicated 
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by the model) exceeded the melting temperature of the readily-formed 
intermetallics. Almeida et al. (2001) had reported similar problems when 
alloying commercial purity Al with an Al and Nb blend of powders, but 
overcame the difficulty by applying a laser remelting process to the alloyed 
surface to obtain fine dendritic Al;Nb with interdendritic a-Al. Nayak 
et al. (2005) used infra-red imaging to analyse exothermic alloying reactions 
of A319 alloy with Fe;0,. The temperature estimated using high spatial 
resolution IR thermography revealed that the reactions between the iron oxide 
and aluminium produced a higher heat of reaction than the remelting of the 
aluminium alloy or an alloying process using FeO instead of Fe304. 
Alloying procedures have been applied to provide dispersion strengthening 
of surfaces or the more resistant presence of intermetallic phases. Ni-alloying 
improved creep and erosion resistance; and a 3x improvement in fretting 
resistance and decrease in coefficient of friction was obtained by alloying 
AA6061 with Ni30Cr. A hardness increase to 325 HV compared to 60-70 HV 
for the substrate was produced (Joshi and Sundararajan, 1998). The use of 
Ni or Ni-based materials for alloying has been extensively investigated at 
least since the late 1980s (Kreutz et al., 1987; Jobez et al., 1989; Shibata 
and Matsuyama, 1990), and interest in these has still not waned (Yang et 
al., 2005; Cui et al., 2008; Gordani et al., 2008; Razavi et al., 2008). 
Interest has however transferred from improvements to mechanical 
properties to surface engineering for enhancing corrosion resistance, and 
a current trend common to all recent publications mentioned above is the 
treatment of electroless Ni-P deposited over commercially pure Al or Al 
alloys. This process lies on the border between remelting and alloying. Yang 
et al. (2005) and Cui et al. (2008) applied Nd:YAG laser remelting to Ni-P 
plated on commercially pure aluminium. The process improved surface 
smoothness and homogenized the surface layer, and improved adhesion to 
the Al substrate at low power density values, which resulted in melting and 
flow of aluminium but not of the Ni-P. The surface was transformed from 
an amorphous state to a crystalline one with improved corrosion resistance. 
Alloying occurred at higher power densities. Gordani et al. (2008) reported 
the presence of NiAl, NiAl; and Ni3;Al, intermetallics in Nd:YAG laser 
remelted electroless Ni-P deposited over Al-356 alloy. The as-received alloy 
and the electroless coated samples suffered from severe pitting corrosion 
during testing in 3.5% NaCl solution, the latter due to cracks and porosities 
in the Ni-P layer. The corrosion potential of the laser remelted/alloyed 
specimen was higher than of the other specimens. This was attributed to the 
presence of elemental Ni; the fine Ni—Al intermetallic phases; and a Ni-rich 
aluminium solid solution in the surface layer. Razavi et al. (2008) reported 
similar results, but indicated that if the electroless films are too thin or the 
traverse rate too low (and the interaction time consequently high), excessive 
alloying with Al occurrs, resulting in a reduced resistance to corrosion. 
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In spite of the difficulties encountered in alloying Al with transition metals 
described above, alloying with chromium is reported in a review by Joshi 
and Sundararajan (1998), who mention alloying of 7175 with Cr to increase 
corrosion resistance by the creation of a chrome oxide layer resistant to pitting. 
Ferreira et al. (1997) report the modification of crevice corrosion behaviour 
of AI7175 by CO, laser surface alloying with a powder blend of aluminium 
and chromium. The creation of a fine, chromium-rich microstructure and a 
chrome oxide layer resulted in increased resistance to crevice corrosion in 
3% NaCl solution. 


13.4.2 Laser surface alloying of Mg alloys 


The laser alloying of magnesium alloys is applied mainly to increase hardness 
and resistance to wear; the presence of magnesium at the surface diminishes 
corrosion resistance, generally making laser surface cladding, a process 
which deposits a new surface over the substrate, a better proposition. Dutta 
Majumdar et al. (2002) applied CO, laser alloying with a blend of Al and 
Mn powder to MEZ alloy. The surface produced consisted predominantly of 
Al+Mn and Al+Mg dendrites, and a hardness of 250-350 HV was attained 
compared to 35 HV for the untreated alloy. The corrosion rate in 3.56 wt% 
NaCl solution was significantly reduced from 1520 mpy to 250 mpy. This 
was not attributed to the change in microstructure and alloying of the Mg 
with Al and Mn, however, but to the formation of an Al,O3; and Mn30,4 
layer on the surface produced by reaction of the alloying elements with 
atmospheric oxygen. 

Joshi and Sundararajan (1998) report alloying of magnesium alloy A180 
with Al, Cu, Ni or Si to increase its wear resistance. Alloying with aluminium 
failed to increase hardness, whilst nickel and silicon produced hard but 
brittle intermetallics. Alloying with copper, however, afforded significant 
improvement. 

In his review of laser surface treatments, Wu (2008) indicated reports of Mg 
alloys being alloyed with Al, Zn, Mn, Si, rare earths, Ni, Cu, Al+Si, Al+Cu, 
AI+Ni. Specific mention is made of some metal additions, in particular Al, 
which gives a high resistance to pitting when >20% is added. However, this 
can also result in the formation of Mg-Al intermetallics, which can have a 
hardness of 200 HV but which may be brittle and could promote galvanic 
corrosion. The addition of Si was reported to promote formation of an Mg- 
Si intermetallic which contributed to an increase in hardness and resistance 
to wear. 


13.4.3 Conclusions on laser surface alloying processes 


Laser surface alloying is an extrapolation of the laser surface remelting 
process that adds a variety of complex permutations and possibilities to the 
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design of laser surface treatment for light alloys. This obviously implies 
added costs in the form of the added material and the delivery system. One 
limitation to the flexibility of material modification made possible by alloying 
is the required presence of the substrate material, which can limit some of 
the desirable effects, a case in point being the presence of magnesium alloys 
or intermetallics in the surface decreasing resistance to galvanic corrosion. 
This can be overcome by the creation of a new surface, as is the case in 
laser surface cladding (Section 13.5). 


13.5 Laser surface cladding of light alloys 


Laser cladding of aluminium and magnesium alloys is intended to create a 
surface with properties differing from those of the substrate. Cladding of 
aluminium alloys is often applied to create metal matrix composite surfaces 
that can offer a high resistance to wear; these will be considered in the 
following section. 

As in the other processes discussed, an essential requirement is an 
understanding of the process by empirical means and by modelling. Several 
models exist to describe laser cladding processes, and these will not be 
considered here. Empirical investigations are usually carried out to verify 
models, determine material parameters or determine the effects of process 
parameters in terms of measures such as energy coupling, which is the ratio 
of absorbed beam energy to input laser energy (Ott et al., 2000). 


13.5.1 Laser cladding on Al alloys 


Joshi and Sundararajan (1998) describe the application of Ni alloy FP-5 
on Al alloy AA333. This application is of particular interest as its aim was 
to combine the low density of the Al alloy with the higher temperature 
mechanical properties of the Ni alloy. The process, however, introduced 
hard but brittle Ni,Al, intermetallics as a result of dilution by the substrate 
alloy. This could be avoided by depositing an intermediate layer of copper 
or bronze over the aluminium prior to depositing the nickel alloy layer. 
Brandt et al. (2002) describe Nd:YAG laser cladding of an Al/Si blend 
and A17075 over A17050 and AI7075 substrates, and highlight a potential 
problem encountered in laser processes that include aluminium-based 
powders: the creation of porosity, resulting from the liberation of hydrogen 
produced from moisture captured by powder which has been incorrectly 
stored or insufficiently dried prior to processing. In this instance, the Al/Si 
blend was more hygroscopic than the alloy powder, and produced a higher 
porosity. The study also considered cracks produce by thermal stresses, a 
defect encountered in remelting and alloying, and which could be limited 
by reducing process traverse rate. Although surface properties could have 
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been altered by grain refinement, the scope of this research was to investigate 
process and material parameters for deposition of a metal alloy surface, 
which leads to material deposition for component modification and direct 
fabrication; repair by cladding is also mentioned in the context of Mg alloys 
by Wu (2008). The latter topic of great interest is an extrapolation of the 
laser surface cladding process, but is beyond the scope of this section. 

Lopez et al. (2009) applied a sol-gel coating process as a precursor to 
the laser process, aiming to reduce corrosion of an A380/SiC composite. 
Sol-gel coatings are usually densified by means of a thermal treatment 
at temperatures above 500°C. This may result in a decrease in substrate 
mechanical properties of low melting temperature substrates. Ldpez et al. 
used a diode laser to consolidate sol-gel silica coatings on the surface of 
the composite, creating a crack-free ceramic layer. This process is hard to 
categorize, as it could be defined as remelting or sol—gel consolidation, but 
it is included here as it is intended to create a new surface layer. Damage to 
the substrate was successfully avoided, and for optimum laser parameters the 
samples proved to be 45% harder than those conventionally cured. The laser- 
consolidated specimens furthermore proved to have a corrosion resistance 
higher than those consolidated in an oven, resisting contact with 3.5 wt% 
NaCl over a seven day period. Excessive heat input, however, produced 
coatings with reduced corrosion protection, due to dilution and cracking of the 
surface. 


13.5.2 Laser cladding on Mg alloys 


Cladding of magnesium alloys is a more popular process. Wu (2008), in a 
review of Mg surface engineering with lasers, listed reports of cladding of 
magnesium alloys with an impressive range of blends of powders, including 
Mg-Zr, Al-Si, Al-Cu, Al-Zn, Cu-Zn, stainless steel and Al-Ti-C, with other 
blends indicated for the production of ceramic reinforced layers. The border 
between cladding processes that form metallic or intermetallic phases and 
those that produce composite surfaces is admittedly indistinct for both Al 
and Mg alloys: hypereutectic blends of Al and Si applied to both Al and Mg 
substrates produce a hard, crystalline Si phase in what practically amounts 
to a composite surface; and the Al-Ti-C blend indicated above results in 
both Ti-Mg and Ti-Al intermetallics and a TiC ceramic phase, all of which 
improved hardness and wear resistance. Cladding with Zr-Mg improves 
corrosion resistance, as the alloy is shifted to the more noble end of the 
galvanic series. Al-Cu and Al-Si blends have also been shown to improve 
corrosion resistance, and high bond strength can be achieved. Excessive 
dilution has to be avoided however, as diffusion of Mg from the substrate 
reduces the resistance to corrosion that could be attained. The application 
of these blends, together with Al-Zn and Cu-Zn, on ZK60/SiC composite 
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substrate has also been investigated. The application of a stainless steel 
clad layer was found to be more effective in resisting corrosion, although 
intermediate brass or Cu layers had to be applied due to the large difference 
between the steel and Mg melting points, which resulted in cracking and 
heavy melting of the substrate. Generic issues reported by Wu include: 


e surface cracking due to a wide solidification temperature range, high 
shrinkage, high coefficient of thermal expansion — this could be limited 
by the application of high power or low traverse rate; 

e porosity resulting from the boiling of magnesium — in this case high 
traverse rates again prove undesirable as the resulting high speed of the 
solidification front could entrap evaporating metal to create pores; 

e cratering and material loss at high powers, again due to evaporation of 
Mg; 

e poor mixing and low homogeneity at low powers; and 

e reaction with atmospheric oxygen or nitrogen due to high reactivity of 
the Mg during cladding — this could be limited by using argon shielding, 
but is reportedly only effectively eliminated by cladding in an enclosed, 
controlled-atmosphere environment. 


Gao et al. (2006) and Yang and Wu (2009) described Nd:YAG laser cladding 
of AZ91HP and AZ91D respectively with Al-Si blends. Gao et al. reported 
the formation of a dendritic Mg,Si phase and acicular Mg,Al, dispersed 
in an Mg,7Al,. matrix, which gave a hardness of 300-450 HK, a 340% 
increase with respect to the substrate, due to grain refinement and phase 
hardness. Magnesium in the clad was present as a consequence of substrate 
dilution. The clad layer gave a 90% decrease in wear volume compared to 
the substrate. The corrosion resistance of the clad layer was a significant 
improvement over that of the substrate, again due to grain refinement and the 
formation of the intermetallic phases. Yang and Wu reported the formation 
of similar phases, and an increase in hardness from 35 HV to above 170 HV, 
together with a corresponding increase in wear resistance. Variation in the 
Si content of the powder blend used for cladding indicated an increase in 
wear resistance with increase in Si content. Volovitch et al. (2008) applied 
a similar cladding process to ZE41 alloy, but reported corrosion issues for 
multiple clads, resulting from differences in clad track composition due 
to variations in heat transfer and dilution between tracks straddling their 
previously-deposited counterparts. 

Ignat et al. (2004b) reported Nd: YAG laser cladding (and alloying) of Mg 
alloys WE43 and ZE4 with aluminium powder, to produce a surface consisting 
of Al;Mg, and Al,»Mg,7 — the same intermetallic phases indicated above, 
in this case without the presence of Si. One reported problem frequently 
encountered in the processing of aluminium alloys is the formation of plasma 
at low traverse rates or high power, altering absorption of the laser beam and 
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possibly resulting in process discontinuity. Some important differences were 
observed between clads on the two different substrates: the clad obtained on 
the WE43 alloy presented higher dilution due to the lower thermal conductivity 
of WE43 compared to ZE41 and the ease of heat dissipation in the latter. 
Increases in hardness of around 200 HVO.05 in the single run layers or 120 
HV0.05 for overlapping runs were obtained. In the latter instance, the heat 
input of subsequent runs increased the size of the melt pool after the first run 
was completed, resulting in greater dilution. Consequently, the less brittle 
(and hard) Al,,»Mg)7 was present in a greater proportion than Al;Mg, when 
compared to the isolated runs. 


13.5.3 Conclusions on laser surface cladding processes 


Laser surface cladding creates a new surface over the existing substrate, thereby 
contributing the desired surface properties. Thus, for example, the magnesium 
bulk material can be entirely isolated from a corroding environment by means 
of aclad layer. Like alloying, the process requires investment in added materials 
and delivery systems, as well as the corresponding issues of health, safety 
and cleanliness. Although impressive improvements to the material surface 
properties are possible, the resistance to wear can be enhanced still further 
by the inclusion of ceramic particles, as discussed in Section 13.6. 


13.6 Laser surface particle composite fabrication 
processes 


Processes that aim to create a composite surface consisting of a metal 
matrix reinforced with ceramic particles can be divided into two categories 
analogous to alloying and cladding. Laser particle dispersion or injection is 
similar to alloying, and consists of ceramic particles being injected into a 
surface as this is remelted by means of a laser. Laser cladding can be designed 
to create a composite surface either by including ceramic particles in the 
powder blend or by delivering elemental or compound powders which react 
to form a ceramic phase — an example of the latter was given in the previous 
section, the deposition of Al-Ti-C over a magnesium substrate described by 
Wu (2008), which produced a TiC phase. The survival of ceramic particles 
injected into an Al or Mg alloy substrate or deposited with Al-based powder 
is high, due to the disparity in melting points of Al and Mg and ceramics; 
and particle injection of borides and, in particular, carbides is a popular 
process for Al alloys (Kovalenko, 2001, p. 284). Ion (2005 p. 311) also 
reports use of Si or Al,O; particles. Lindner et al. (1990) indicate alumina 
and zirconia, which are not chemically attacked by molten aluminium. The 
main aim of these processes is to improve tribological properties due to 
the high hardness of the ceramic particles. They are not usually applied to 
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corrosion resistance enhancement due to the variety of phases present in the 
surface layer produced, although Dutta Majumdar et al. (2006) investigated 
the corrosion resistance of Al+SiC or SiC alone deposited over commercially 
pure Al. Gasser et al. (1990) dispersed SiC and TiC in Al and Ti alloys, and 
observed that particle size has an effect on penetration of the particles in the 
substrate melted by the beam, with larger particles having greater momentum 
and therefore greater ease of insertion. The wettability of a ceramic material 
is another factor that affects ease of particle injection; thus, for example, the 
wetting of SiC by aluminium is poor, and high kinetic energies are needed 
to ensure effective dispersion (Liechti and Blank, 2000). 

Liechti and Blank (2000) discussed another difficulty in reinforcing 
aluminium-based alloys with SiC: although the latter has a high melting 
point, it also reacts readily to form Al,C3 and Al,SiC,, which are brittle and 
undesirable. In order to avoid this, blends of Al-Si powder with pure Si and 
SiC were deposited over Al alloys. The Si content of the cladding material 
had a marked effect on the solidified material. When less than 30 wt% Si was 
used, the SiC particles reacted with the aluminium and produced carbides; 
when more than 30 wt% Si was included, no carbides other than SiC itself 
were detected. 

Hu et al. (1996) attempted SiC particle or alumina fibre dispersion in a 
small range of Al and Mg alloys (as well as a Co and a Ti alloy). Although 
the particles survived the process, all experiments with the Al,O; fibres 
resulted in their dissolution due to the higher absorptivity and lower thermal 
conductivity (and therefore reduced heat dissipation) of alumina compared 
to SiC. The SiC-reinforced surfaces presented detrimental Al-Si carbides, 
however. Dutta Majumdar et al. (2006; 2007) deposited Al + SiC or SiC 
over commercially pure Al and encountered the same difficulty. A hardness 
of 700-800 HV was measured for the particles, contrasting with the hardness 
of 75-110 HV measured on the matrix. The original hardness of the Al was 
25 HV, and the increased matrix hardness was attributed to grain refinement 
and the formation of an Al-Si lamellar eutectic phase. Si peaks, resulting 
from the decomposition of SiC, were detected. Corrosion resistance tests in 
a 3.56 wt% NaCl solution indicated that the performance of the clad surface 
was marginally inferior to that of the untreated material. 

Ni and SiC were deposited over an Al8Si alloy substrate (Jaffar et al., 2005) 
in order to provide a high hardness matrix reinforced further with ceramic 
particles. Several phases, including AlSi, Ni3;C, AINi,Si, Al,O3, AINi, Ni, 
SiC and Al,SiC,, were identified, but the more brittle AlC, was not found. 
A hardness of 400-575 HVN was achieved in the composite layer. When 
varying the proportion of SiC to Ni in the cladding powder blend, it was 
noted that the an increase in SiC resulted in greater heat absorption; this is 
explained by the higher absorptivity of SiC (0.2) as opposed to Ni (0.05) at 
the CO, laser wavelength of 10.6 tm. 
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The high hardness of WC and the wear resistance performance imparted 
by it made it an inevitable inclusion in research oriented towards tribological 
performance, and although it is more frequently used with steels, nickel alloys 
or cobalt alloys, it has been applied in cladding processes to Al alloys as well. 
Chong et al. (2000) report a range of hardness values between 220-750 HV 
for cladding with WC-Mo blends, and a wear resistance improvement of 40x 
when more than 40 vol% WC was used in the powder blend. Some melting 
of WC occurred however, and dilution with Al and Si from the substrate was 
observed; some of the WC reacted to form W,C and the undesirable A1,C. 
Man et al. (2004) preplaced Ti, W and C powders or Ti and WC powders over 
A16062 and deposited NiAl or NiAI,O3 over these. The intention was to have 
the Ti react with and scavenge the C liberated from decomposing WC and 
avoid the formation of brittle aluminium carbides. This was successful, and 
a high hardness range of 800-1100 HV was obtained, a great improvement 
over the 80 HV hardness of the substrate. Cladding in both the above two 
cases was carried out with a Nd:YAG laser. 

The in-situ synthesis of a ceramic phase described above for cladding with 
W and C powder by Man et al. (2004), and cladding experiments with Fe- 
coated boron, Al and Ti blends (Xu et al., 2006a; Xu and Liu, 2006), were 
designed to counter the poor wetting between ceramic particles and the molten 
metal, and the large differences in thermal expansion coefficient between 
them. In the latter cases, the CO, laser cladding process generated TiB,, Ti3By4, 
AL,Ti, Al,Fe and a-Al in a pore- and defect-free layer, the aluminium being 
introduced by dilution by the substrate. The surface hardness of the coating 
was increased to a range between 265 HV to 908 HV, the value varying with 
composition in the composite surface but increasing with the proportion of 
added boron and titanium powders, which determined the amount of hard 
TiB, and Ti3B, phases. In pin-on-ring wear tests, the unmodified substrate 
lost fifteen times as much weight of worn material as the best-performing 
coating. Wear performance under high loads was however, less effective 
due to detachment of particles resulting in aggressive 3-body abrasion. 

Yang et al. (2001) investigated the possibility of creating a molybdenum 
silicide matrix reinforced with SiC, and applied a CO, laser cladding process 
over commercially pure aluminium using elemental Mo, Si and C powder. 
XRD analysis indicated that the resulting clad included MoSi,, SiC and 
MosSi;; a hardness of 1200 HV was attained at the surface, varying between 
this value and 1000 HV to a depth of around 0.5 mm. 

As in the case of Al alloys, the reinforcement of Mg alloys by ceramic 
particles is mainly intended to improve tribological properties. In his review 
on laser processing of Mg alloys, Wu (2008) described the cladding of Mg 
alloys with Al-Al,03 and Al-Si-Al,O03. Cladding with an Al-based component 
was preferred to alloying, as Si and Al,O3 form a poor interface with Mg; Al 
was preferred to Mg powder as it enhances corrosion resistance. Cladding 
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with Al and Al,O3 gave a hardness of 350 HV compared to 35 HV for the 
substrate. Cladding with elemental powders is applied to Mg alloys as well, 
and one solution described by Wu was the creation of a clad including TiC 
with Ti-Mg and Ti-Al intermetallics by cladding with Ti-Al-C. 

One of the more popular powder combinations for ceramic-reinforced 
cladding of magnesium alloys is aluminium and alumina. A homogeneous 
and defect-free microstructure consisting of a dispersion of Si and Al,O; 
particles in a hypoeutectic Al matrix was produced by Jun et al. (2006) by a 
pulsed Nd:YAG laser deposition of Al, Si and Al,O3 over an AZ91D alloy 
substrate. Mg,7Al,. and Mg were identified in the bonding zone, where 
diffusion of magnesium produced the intermetallic phase. The microhardness 
of the clad layer was of 210 HV0.05 compared with 60-70 HV0.05 for 
the substrate. Similar results were obtained by Liu ef al. (2006) and Dutta 
Majumdar et al. (2004), although the latter reported hardnesses between 90 
to 350 HV, decreasing with both laser power and traverse rate. The wear 
rate was significantly reduced, due to this increase in microhardness resulting 
from the ceramic phases. 

Another popular combination is a blend of aluminium and silicon carbide. 
Dutta Majumdar et al. (2003) reported that close control of the process 
parameter envelope was required to ensure survival of the particles and their 
dispersion in the Al matrix: this was due to the lower density and higher CO, 
laser wavelength absorptivity of the SiC. A maximum hardness of 270 HV 
was obtained for the optimum parameters, and pin—on-disc tests indicated 
a reduction of mass loss due to wear by almost two orders of magnitude. 
Chen et al. (2008) reported a smaller increase in hardness (140-160 H), 
depending on the presence of the Mg,7Al,, intermetallic and surviving SiC 
(deposited with Al as a nano-sized powder), the latter reported to be smaller 
than 100 nm. Partial dissolution could explain the lower hardness reported 
here. Material loss due to wear was reduced, and the presence of aluminium 
increased corrosion resistance in 3.5% NaCl solution. 

In contrast to the above cladding methods, Hu et al. (1996) investigated 
dispersion of SiC particles directly in a magnesium alloy (WE43) substrate. 
The low solubility of the carbide assisted particle survival in the melt 
pool. 


13.6.1. Conclusions on laser surface particle composite 
fabrication processes 


This group of processes greatly enhances resistance to wear, but shares the 
limitations of alloying (Section 13.4) and cladding (Section 13.5) processes 
as regards equipment, and health and safety requirements. The family of 
remelting and deposition processes also require very precise control of process 
parameters, thermal conditions and material addition for a specific and useful 
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surface to be produced. Laser shock treatment reduces the complexity of 
microstructural evolution and eliminates material addition and delivery. 


13.7. Laser shock treatment of Al alloys 


Laser shock treatment, or laser peening, is a process in which a pulsed 
laser is used to generate the expansion of hot plasma over a metal surface 
to create a shock wave in the material, which creates residual stresses and 
increases hardness and resistance to cracking and fatigue failure. The material 
composition is not altered. A dielectric material, in most cases water, is 
used to contain the expansion of hot plasma increasing the duration of the 
plasma blow-off and increasing the pressure generated. A protective coating 
may be applied to the material being treated to avoid melting. The process 
(Fig. 13.3) has some advantages over conventional mechanical peening, 
including the formation of lower surface stresses; graded stress with depth; 
and a 1-2 mm depth of effect (Berthe et al., 1998). 

In order to generate the shock waves, a pulsed power modulation is 
required. Berthe et al. (1998) indicate the use of Nd: YAG 25 ns pulses, with 
a beam diameter of 3-5 mm. The pressure produced by the shockwaves in 
the surface is independent of the material being treated, but increases up to 
a threshold with fluence; the induced residual stresses behave similarly. The 
threshold occurs at breakdown of the water above the component, and the 
pressure value at this turning point is lower for shorter wavelengths. The 
pressure is increased by use of very short pulses, but short pulses restrict the 
depth due to shock attenuation; since the plastic deformation rate is identical 


Shock wave 


Fluid 


Ablative layer 


13.3 Schematic diagram describing laser shock treatment. 
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but is concentrated in a shallow depth, higher stresses are generated with 
short pulses. The residual stress can also be increased by applying repeated 
pulsing over the same area (Peyre et al., 1996; Berthe et al., 1998). Increase 
in hardness resulting from residual stresses was found to be in the range 
of +10 to +20 HV for nanoseconds and GW cm intensities (Berthe et al., 
1998). 

Laser shock processing was also found to improve the corrosion resistance 
of materials such as Al alloy AIS1I2024 by an anodic shift of pitting potential 
and reduction of the passive current density; this is probably due to the effect 
of the compressed state of the surface on inclusions, or modification of the 
growth kinetics of passive films (Berthe et al., 1998). 

The creation of compressive stresses at the surface of a component is 
conducive to resistance to fatigue failure. Peyre et al. (1996) applied the 
process to A356, A112Si and 7075 aluminium alloys. A conventional shot 
peening treatment applied to these materials produced high surface hardness 
accompanied by a detrimental increase in roughness not produced by the laser 
process. High cycle (10’) fatigue tests were carried out on laser-processed, 
shot-peened and untreated notched specimens: laser shock processing produced 
a +22% improvement in performance compared to a +10% improvement 
resulting from conventional shot peening, the performance improvement being 
mainly in the crack initiation stage of failure. Similar results were obtained 
by Berthe et al. (1998) on AISI 2024 and 7075 Al alloys, although a greater 
improvement (+20-40% increase) was reported in cast A356 or wrought 
7075-T7351. The performance enhancement in the latter was again reported 
to be better than the result of shot peening, and with the added advantage of 
no increase in surface roughness. The crack propagation rate was reduced 
by a factor of five or six times, and was attributed to a 7x improvement in 
the initiation stage and a 3x improvement in the propagation stage. Luong 
and Hill (2008) reported a high cycle fatigue life improvement by a factor 
of 5.6 relative to as-machined samples of 7085-T7651 aluminium, and by a 
factor of at least 6.4 relative to anodised samples. 

A reduction in fatigue crack growth can also be achieved in welds by means 
of laser shock processing. Hatamleh (2008) investigated the fatigue crack 
growth performance of untreated, shot peened and laser shock treated friction 
stir welded 2195 aluminium-lithium alloy. The results obtained indicated a 
significant reduction in crack growth rates measured in laser-treated welds 
compared to shot peened or untreated weld specimens, comparable to the 
rate of crack growth in unwelded 2195 alloy. In this application, both sides 
of the specimen were shock treated using the same parameters, and through- 
thickness residual stress measurements indicated that laser shock processing 
introduced higher compressive stresses more deeply into the weld material 
compared to shot peening. 

A specific application of the process, using a Q-switched laser of 1054 
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nm wavelength, is described by Zhang et al. (2008b). The blade roots and 
edges of aircraft gas turbine blades experience fatigue loading in flight. 
Fatigue samples and turbine blades of LY2 aluminium alloy were coated with 
ablative 7075 aluminum foil and submerged under 3 mm of water. A stressed 
layer more than 2 mm-thick was generated by the application of repeated 
laser-induced shockwaves. Micro-indents were generated at the surface by 
the shock process; the surface roughness was however lower than that of the 
untreated specimens. Testing revealed that low cycle fatigue performance 
of the specimens was increased by the high compressive residual stresses 
generated. 

In contrast with aluminium alloys, no reports of laser shock hardening of 
Mg alloys have been identified. 


13.7.1. Conclusions on laser shock treatment of Al alloys 


Whilst not as flexible as laser deposition processes, laser shock treatment 
offers an excellent contribution to the range of laser surface processes, and 
permits effective control over surface properties by careful selection of 
process parameters. The main disadvantages are the need for immersion 
of the material; the application of protective coating, which requires an 
extra process step; and the lack of applicability to magnesium alloys. The 
possibility of processing aluminium alloys potentially without even melting 
their surface is, of course, a great advantage as the surface finish of the 
component can be retained. 


13.8 Future trends 


Continued interest in light materials to reduce the weight of structures and 
(for transport applications) fuel consumption implies that aluminium and 
magnesium alloys will remain in demand. Competition by other low density 
materials, particularly composites, means that these alloys may require 
improvement of their surface properties to remain desirable or to widen their 
range of application, and laser surface treatments offer a variety of possibilities. 
Tribological, corrosion and fatigue performance can be enhanced by laser 
beam remelting or its derived additive processes — alloying, cladding, and 
ceramic surface reinforcement — or by laser shock peening. The potential 
for fine process control and selective application, together with the minimal 
to negligible damage to the bulk material, makes these high value-added 
processes attractive. These features, together with the high flexibility of 
lasers, guarantee continuity of research in this area of surface engineering. 

Research is currently moving away from fundamental, generic investigations 
towards dedicated application, as described for laser shock processing of 
aluminium alloys (Zhang et al., 2008), although the empirical verification 
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of models (Abderrazak et al., 2008; Almeida and Vilar, 2008; Yilbas et 
al., 2009) is still on the agenda. It is clear that interest is generated by 
processes that can maximise performance. Thus, particle inclusion is currently 
preferred for the improvement of mechanical and tribological properties, 
whilst remelting, alloying and cladding are applied to the improvement of 
corrosion resistance. In this area, laser beam cladding appears to have an 
edge in magnesium alloy processing, as the corrosion-prone magnesium 
is completely coated by the surface layer produced and isolated from the 
corroding medium. Laser shock processing has the advantage of producing 
low surface roughness, and does not require the powder-handling systems 
and powder and metal vapour containment equipment, although it is limited 
by requirements for component coating pre-process and for submerging the 
component. Its distinct advantages over shot peening (a greater depth of 
action and lower surface roughness) ensure the continuity of interest in this 
process. 

Targets of future research opportunity must include process control 
systems dedicated to the laser processing of these high-reflectivity alloys; 
the extrapolation of deposition of layers of material to direct fabrication 
processes, possibly with graded composition of the deposited material; and 
the incorporation of fibre reinforcement by means of combined preplaced 
and direct laser deposition. 


13.9 Sources of further information and advice 


Publications on these processes are readily available in journals, conference 
proceedings and books. The Laser Institute of America (LIA) regularly 
includes mention of these processes, and describe some of them in the LIA 
Handbook of Laser Materials Processing (ed. Ready, 2001), a classic text, 
which, although now becoming dated, is still useful. The International 
Congress on Applications of Lasers & Electro-optics (ICALEO®) is an 
annual event in which light alloy-oriented laser surface processes regularly 
feature. LIA’s Laser Additive Manufacturing Workshop (LAM) is oriented 
to laser additive processes, including cladding and rapid manufacturing. The 
website of major interest is that of the Laser Institute of America (LIA); it 
provides links to courses and events organised by the Institute. The site is 
located at http://www .laserinstitute.org/. 

The closest European counterpart is the Laser Assisted Net-shape 
Engineering (LANE) Conference, organised by the Bavarian Laser Centre 
in cooperation with the Chair of Manufacturing Technology, University of 
Erlangen/Nuremberg, Germany, although this focuses on direct fabrication 
rather than surface engineering. The next LANE will be held in September 
2010. 

Other useful publications include: 
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e The dated but still valid Lasers in Surface Engineering, Surface 
Engineering Series Vol.1 (Dahotre, 1998). 

e The more recent Laser Processing of Engineering Materials (Ion, 2005), 
which is a very useful and more up-to-date volume, although process 
detail provided is less specific. 

e Laser Cladding (Toyserkani et al., 2004) describes the cladding process 
and is a very useful compilation dedicated solely to this process. 

e An as-yet to be published potentially useful book is Advances in Laser 
Materials Processing Technology (Lawrence et al., 2010 to be published 
by CRC Press, Boca Raton, FL). 


Although papers on the processes may be found in several journals, two 
of these, dedicated to laser materials processing, should be mentioned: the 
LIA’s Journal of Applications, and Lasers in Engineering published by Old 
City Publishing. 
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Ceramic conversion treatment of 
titanium-based materials 


X. LI and H. DONG, University of Birmingham, UK 


Abstract: Ceramic conversion treatment (CCT) is a cost-effective, 
environmentally friendly new surface engineering technology developed 
specifically for titanium-based alloys, including titanium and its alloys, TiAl 
intermetallics and TiNi shape memory alloys. To date, the potential of the 
new ceramic conversion technology is being realised in the motor sport, 
automotive, aerospace, biomedical and off-shore oil industries. This chapter 
starts with a brief introduction to ceramic conversion treatment, followed by 
three sections devoted to CCT of Ti and its alloys, TiAl intermetallics and 
TiNi shape memory alloys; and it ends with conclusions and future trends. 


Key words: ceramic conversion treatment, titanium and its alloys, TiAl 
intermetallics, TiNi shape memory alloy. 


14.1 Introduction 
14.1.1 Driver for cost-effective surface treatment 


Owing to their unique physical, mechanical, chemical and biological properties, 
titanium-based materials, including Ti and its alloys, TiAl intermetallics 
and TiNi shape memory alloys, have been the material of choice for many 
industrial sectors to address technological challenges, to promote wealth 
creation and to increase the quality of life. For example, titanium alloys have 
found important applications in aerospace, power generation, marine, off- 
shore, automotive, biomedical, performance sports, general engineering and 
architecture because of their unusual combination of high strength-to-weight 
ratio, excellent resistance to corrosion and outstanding bio-compatibility. 
However, as discussed in Chapter 3, titanium-based materials are 
characterised by, especially in sliding situations, poor tribological properties, 
including high and unstable friction coefficients, severe adhesive wear and 
susceptibility to fretting wear. This problem could be, to a varying degree, 
addressed by applying surface engineering technologies initially developed 
for steel such as ion implantation, electric plating, PVD, thermal spraying, 
plasma nitriding and laser surface alloying. However, the bonding between 
coatings and titanium-based materials is normally weak because of the inherent 
surface oxide film formed on the substrate, and the load-bearing capacity 
(LBC) of coatings on Ti-based materials is low due to the soft substrate. 
Such surface modification technologies as plasma nitriding and laser 
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surface alloying can address the bonding and LBC issues associated with 
thin coatings. However, plasma nitriding will reduce the fatigue strength by 
10-30% and cause distortion of components with complex geometries due 
to the relatively high treatment temperatures (Lanagan et al., 1986). Laser 
melting, laser nitriding and laser cladding normally produce a relatively 
rough surface and post-machining is needed. Duplex surface treatments can 
provide combined enhancements in wear resistance and LBC, but they are 
costly. 

It is well-known that titanium-based materials are expensive compared 
with most ferrous materials, which is a barrier for their wider application. 
Therefore, it is desirable to develop cost-effective surface engineering 
technologies tailored for titanium-based materials. 


14.1.2 Development of ceramic conversion treatment 


Over the past 50 years, there has been extensive research into oxidation of 
titanium alloys, which is generally viewed as a problem rather than as a surface 
engineering treatment. It was observed in the early 1950s that the surface of 
commercially pure titanium (CP-Ti) was effectively hardened when heated in 
the range of 850 to 1000°C in air at a pressure between 10~° to 10-7 mmHg 
(Worner, 1950). However, subsequent research met with little enthusiasm 
since, at temperatures high enough to achieve an appreciable hardening 
effect, a considerable amount of scale was formed and fatigue strength was 
also reduced (Hanzel, 1954). As a result, this process was considered not to 
be commercially feasible and was hence commonly ignored. 

In view of the difficulties associated with the severe scaling of titanium 
alloys heated in air, the possibility of controlled oxidising in molten salt 
baths was explored in the middle of the 1960s (Mitchell and Brotherton, 
1964/65). It was found that when titanium specimens were heated in lithium 
carbonate salt baths at temperatures between 600 and 900°C for 2 to 4 hours, 
satisfactory layers were formed. However, corrosion of the Ti substrate and 
the environmental impact are major concerns of this method. 

Gaucher and Zabinsky (1975) developed an oxidising process, naming it 
‘Tifran’, to treat Ti-6AI-4V at 750°C for 10 h. However, such a treatment 
produced a porous, poorly adherent oxide layer. Similarly, Mushiake et 
al. (1991) investigated the possibility of improving the wear resistance of 
Ti-22V-4V beta titanium alloy by thermal oxidation at 850°C in air. They 
found that the bonding between the surface oxide and the substrate was very 
weak and therefore the oxide layer formed was removed by grinding before 
application. 

A new surface engineering technique based on thermal oxidation has 
recently been developed specifically for titanium-based materials by Dong et 
al. (1997; 1998). The technique is a thermochemical process, usually carried 
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out in a controlled atmosphere containing oxygen. During the treatment, the 
surface of the titanium-based material reacts with oxygen to convert in-situ 
into titanium oxides (hence comes the name ceramic conversion). Unlike 
some previous processes, the newly developed ceramic conversion process 
can effectively harden titanium-based materials without causing scaling or 
surface damage (Dong et al., 1998). While the term ‘thermal oxidation (TO)’ 
describes the process, the term “ceramic conversion (CC)’ emphasises the 
results of thermal oxidation. Therefore, in this chapter, CC is used instead 
of TO from a surface engineering viewpoint. 

Since then, many researchers are exploring the potential of CCT for different 
titanium materials, such as CP Ti (Bloyce et al., 1998; Qi, 2000; Krishna 
et al., 2007; Dahm, 2009), Ti-6AI1-4V (Borgioli et al., 2005; Guleryuz and 
Cimenoglu, 2005; Yazdanian et al., 2007; Biswas and Majumdar, 2009), 
Timet 550 (Boettcher et al., 2002), SP700 (Komotori et al., 2001; Kim et 
al., 2008), Ti-10Ta-10Nb (Ahn et al., 2008), Ti-6Al-17Nb (Meydanoglu et 
al., 2008) to achieve a variety of surface properties. The CCT technology 
has also been applied to TiAl intermetallics (Xia, 2004) and TiNi shape 
memory alloys (Ju, 2007). 

More recently, some researchers have used different oxygen-containing 
atmospheres for CCT treatment at relatively high temperatures (750—950°C), 
including a gas mixture of O,/Ar (Stratton, 2002), CO/Ar (Kim et al., 2008; 
Stratton and Graf, 2008) and CO./Ar (Kim et al., 2006; Stratton and Graf, 
2008), 


14.2 Ceramic conversion treatment (CCT) of 
titanium and titanium alloys 


14.2.1 Treatment and microstructure 


Ceramic conversion treatment (CCT) is a patented, cost-effective and 
environmentally friendly surface engineering technique developed by 
Dong et al. (1997) initially for titanium and titanium alloys. In essence, 
this technique is a thermochemical process based on thermal oxidation and 
therefore it was initially named as thermal oxidation (TO) treatment in our 
early publications. The CCT is usually carried out in a controlled medium 
containing oxygen (e.g. in air) at 550-650°C for 50-120 hours. However, 
some researchers conducted the CCT at higher temperatures (700—900°C) 
for a shorter period of time (a few hours). The reported gas compositions 
include 20%O0,—-80%N) (Dong et al., 1997), Ar-20%CO, and Ar-20%O), (Kim 
et al., 2006) and Ar-5%CO (Kim et al., 2008). In addition to gas mixtures, 
CCT can be carried out in plasma to enhance the process (Borgioli et al., 
2004; Ju and Dong 2006). 

During CCT, oxygen reacts with titanium to convert the surface into a 
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titanium oxide layer. Meanwhile, oxygen also diffuses into the titanium to 
form an oxygen hardened case via interstitial solid solution hardening. Figures 
14.1a and b show respectively typical SEM cross-sectional microstructures 
of 600°C/65h CC-treated Ti-6AI-4V alloy and 600°C/100h CC-treated CP-Ti 
in an atmosphere containing about 80% oxygen and 20% nitrogen. The CCT 
produces a thin (a few microns), dense, adherent oxide layer supported by a 
strong and relatively thick (a few tens of microns) oxygen diffusion zone. 

When treated at temperatures above 600°C, the surface oxide layer developed 
by the CCT is dominated by TiO, of rutile modification. The thicknesses 
of both the surface ceramic layer and the oxygen diffusion zone increase 
with the treatment temperature and/or time; however, high-temperature 
and long treatment time will form porous, poorly adherent oxide layers or 
end up with severely damaged surfaces (Fig. 14.2). The optimal treatment 
conditions depend mainly on the oxidation behaviour and thus composition 
of the titanium materials. 


<— Oxide layer 


Outer hardened 
zone 


Beeese 206KY 


14.1 SEM micrograph showing cross-sectional microstructures of 
(a) 600°C/65h CCTedTi-6AI-4V and (b) 600°C/100h CCTed CP-Ti. 
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14.2 SEM micrograph showing surface blisters in surface oxide on 
high-temperature oxidised Ti-6AI-4V. 


14.2.2 Hardening effect 


Significant surface hardening of Ti and its alloys can be achieved by CC 
treatment because of the formation of the surface ceramic layer and the 
oxygen diffusion hardened case. For example, the hardness (H) and Young’s 
modulus (E) of the surface oxide layer formed on Ti-6AIl-4V during CCT 
are 10.6 and 146.7 GPa, respectively (Dong et al., 1997). The E/H ratio 
can thus be reduced from 26.9 for as-received Ti-6AI-4V to 13.8 for the 
CC treated material. 

The hardness depth distribution across the oxygen diffusion zone (ODZ) 
beneath the oxide layer depends mainly on alloy composition and treatment 
conditions (such as temperature, time and oxygen-containing medium). The 
thickness of the ODZ for 600°C/50 h CC treated Ti-6A1-4V is about 15 um 
(Fig. 14.3a) while that of material treated at 900°C for 0.5 and 2 h increased 
to 50 and 150 um, respectively (Fig. 14.3b) (Borgioli et al., 2004). However, 
it should be pointed out that such high-temperature CCT would severely 
reduce the bonding between the surface oxide layer and the ODZ, and the 
fatigue properties. 


14.2.3 Tribological properties 
Friction coefficient 


As discussed in Chapter 3, untreated Ti and its alloys are characterised by 
a high and unstable coefficient of friction because of their high adhesion to 
most engineering materials. The rutile oxide layer formed during CCT is very 
effective in reducing the coefficient of friction of Ti and its alloys, especially 
under oil lubricated conditions. For example, the friction coefficient of Ti- 
6AI-4V sliding against a WC ball can be reduced from 0.5-0.6 (dry) and 
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14.3 Hardness depth profiles of (a) 600°C/50h (Dong et al., 1997) and 
(b) 900°C/0.5 and 2h CCT (Borgioli et a/., 2004) treated Ti-6AI-4V. 


0.4-0.5 (lubricated) for the untreated material to 0.2-0.3 (dry) and 0.1-0.2 
(lubricated) after CCT, in ball-on-disc tests (Dong et al., 1997). A similar 
friction reduction effect has also been observed when applying CCT to Timet 
550 (Ti-4Al-4Mo-2Sn-0.4Si) alloy (Boettcher et al., 2002) and CP-Ti (Taheri 
and Zahrani, 2008; Krishna et al., 2007). 

The friction reduction effect conferred by CCT can be attributed to 
the reduced E/H ratio, thus limiting the degree of plastic deformation. In 
addition, Gardos (1988) has reported that because of its layered structure, 
rutile possesses a low shear strength and thus low friction. Research has 
also revealed that the rutile oxide layer can effectively increase wettability 
with oil and hence improve the effectiveness of lubrication on the titanium 
surfaces (Dong and Bell, 1999). 
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Wear resistance 


CCT can also successfully improve the wear resistance of Ti and its alloys under 
scratch, sliding and rolling—sliding conditions. The abrasive wear resistance 
of CC-treated and TiN-coated Ti-6A1-4V and SP700 (Ti-4.5Al-3 V-2Fe-2Mo) 
as well as the untreated materials, was evaluated by Komotori et al. (2001) 
by scratching these samples with a diamond Rockwell ‘C’ indenter with an 
indentation load of 500 g at a scratch speed of 0.25 mm s"'. As evidenced 
in Table 14.1, the CCT treated Ti alloys outperform both the untreated and 
TiN coated materials under the abrasion conditions. 

Dong and Bell (2000) compared the wear resistance of an untreated and 
a CC treated Ti-6AI-4V wheel under a combined 90% rolling/10% sliding 
contact. The counterpart was a hardened (600 HV10) 709M40 steel wheel 
under oil lubricated conditions, for 450 000 revolutions. As shown in Fig. 
14.4, the steady wear rate of the CC treated Ti-6AI-4V wheel (1.57 x 10° 
mg m_') is two orders of magnitude lower than that for the untreated wheel 


Table 14.1 Comparison of scratch wear scar areas (um?) 
(Komotori et al., 2001) 


Treatment SP700 Ti-6AI-4V 


Untreated 28 29 
TIN coated 27 37 
CC treated 15 15 
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14.4 Wear rate of CC treated Ti-6AI-4V as well as untreated Ti-6Al- 
4V and hardened steel counterpart for comparison (Dong and Bell, 
2000). 
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(2.76 x 10° mg m7) and more than ten times lower than that for the hardened 
steel wheel (1.61 x 10 mg m”'). This indicates that the CC treated Ti-6AI- 
4V wheel can outperform the hardened steel wheel. Comparable results have 
been obtained by Yazdanian et al. (2007) when sliding a 600°C/60h CC 
treated Ti-6AI-4V against a hardened 52100 steel ball under 2N at 0.05m 
s' in air and in vacuum. 

Equally, CCT can effectively improve the wear resistance of CP-Ti. For 
example, the wear of CP-Ti can be reduced by 6-8 times by 850°C/5h CCT 
when unidirectionally sliding against a 6 mm alumina ball under 2 N at a 
speed of 0.1 ms™! in air (Krishna and Sun, 2007). 


Anti-galling and anti-scuffing capacity 


Titanium and its alloys are notoriously susceptible to scuffing (localised 
surface damage under lubrication) and galling (gross surface damage under 
poor or no lubrication conditions). CCT can effectively improve the resistance 
of titanium and its alloys to galling and scuffing. 

Wiklund and Hutchings (2001) independently compared the anti-galling 
capacity of CCT with CVD DLC coating, ion implanted (IonSlip), and 
Arc- (AE) and electron-beam (EB) vaporised TiN coatings, using a galling 
test in which two crossed cylinders of 6.35 mm in diameter are slid over 
each other under a steadily increasing contact load up to 200 N. As shown 
in Fig. 14.5, galling occurred to the untreated Ti-6A1-4V at a very low load 
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14.5 Summary showing the critical load for onset of galling: Mean 
values and the range (Wiklund and Hutchings, 2001). 
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(6-18N). On the other hand, no galling occurred to the CCT samples up to 
the maximum load, 200 N (equivalent to a maximum Hertzian pressure of 
5 GPa), on the test rig. This indicates that the CC treatment provides the 
best protection against galling, followed by CVD DLC and EB TIN coatings, 
whereas the AE TiN coating showed the lowest critical galling load. The 
high anti-galling capacity of the CC treated Ti-6A1-4V can be explained by 
the fact that, unlike these thin coatings, the thin (~2 um) rutile layer formed 
during the CCT is mechanically supported by a relatively thick (15-20 um) 
oxygen diffusion hardened case. In addition, because of the in-situ conversion 
nature, the bonding between the surface rutile layer and the hardened case 
beneath is much stronger than these PVD and CVD coatings on the soft 
Ti-6A1-4V substrate. 

The anti-scuffing capacity of untreated, 750°C/20h plasma nitrided (PN) 
and 600°C/95h CC treated Ti-6A1-4V has been assessed using a block-on- 
wheel configuration on an Amsler wear test machine. During the test, the 
En19 steel wheel (HV800) rotated at a speed of 400 rpm against the titanium 
block specimen in oil-lubricated conditions. The load was increased step by 
step and kept for 5 min at each load level until a large increase in friction 
force occurred, which indicated the failure or scuffing of the surface layer. 
The corresponding load was taken as the anti-scuffing capacity of the tested 
material. The results indicate that scuffing occurred to the untreated Ti-6Al- 
AV at a load as low as 5 N, while the critical loads for the PN and CC treated 
materials were 1450 and 1470 N, respectively. 


14.2.4 Corrosion and corrosion wear 


It is known that, in general, titanium and its alloys possess very good corrosion 
resistance in many different corrosive media. However, the corrosion resistance 
of Ti and its alloys can be further enhanced by CCT. 

CCT can effectively increase the corrosion resistance of CP-Ti both in 
electrochemical and immersion corrosion tests. The results of anodically 
potentiodynamic polarisation measurements in 3.5% NaCl solution 
demonstrated that the CC treated CP-Ti exhibit much better electrochemical 
corrosion behaviour than the as-received material in terms of the more 
noble corrosion potential and the much lower anodic current density. The 
results also revealed that the anodic current density of CCT treated CP-Ti 
is 1-2 orders of magnitude lower than that for plasma nitrided material (Qi, 
2000). 

Equally, the CCT can increase the corrosion resistance of CP-Ti in boiling 
HCI solutions, and the results are summarised in Table 14.2. It can be seen 
that the corrosion resistance of the CC-treated CP-Ti is much better than 
as-received CP-Ti and Ti-0.05Pd (well-known corrosion-resistant Ti) in 
boiling10% HCI solution; the lifetime for the protective surface layer of the 
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Table 14.2 Corrosion resistance of CP-Ti in HCI solutions (Bloyce et al., 1998) 


Material and treatment Weight loss, mg (cm~-h7') Time-to-breakdown (h) 

in boiling10% HCI solution in boiling 20% HCI 
Untreated CP-Ti 4.14 Breakdown before boiling 
Untreated Ti-0.05Pd 1.75 Breakdown before boiling 
Plasma nitrided CP-Ti Nil 2 
CC treated CP-Ti Nil 20 


CC-treated CP-Ti is about ten times that of plasma nitrided CP-Ti in boiling 
20% HCI (Bloyce et al., 1998). 

Recently, Ahn et al. (2008) also reported that, after CCT at 650°C for 
30 min, the corrosion current of Ti-10Ta-10Nb in 0.9% NaCl solution can 
be reduced. In addition, they found from cytotoxicity tests in a MTT assay 
treated L929 fibroblast that the CCT can lower the cytotoxicity of Ti-10Ta- 
10Nb alloy as well. 

Komotori et al. (2001) have studied the corrosion-wear of as-received 
PVD TIN coated and CC-treated Ti-6AI-4V and SP700 (Ti-4.5A1-3V-2Fe- 
2Mo) alloys by combining scratching and cyclic polarisation in 0.89% NaCl 
solution at 37°C. They found that the exterior surface oxide layer produced 
by the CCT was very stable; at high applied potential (>1.0 V Ag/Ag/Cl), 
the TiN-coated Ti alloys were inherently prone to pitting and blistering while 
the CC-treated materials had a superior repassivation capacity following 
break-down. Prior abrasion damage from multi-directional scratching made 
the TiN-coated alloys more vulnerable to subsequent corrosion of the 
substrate but this was not observed for the CC-treated alloys. Therefore, the 
CC-treated samples offered the best resistance to the sequential actions of 
mechanical damage and corrosion. The improved corrosion-wear resistance 
of CC-treated Ti alloys can be attributed to the formation of a dense, stable 
and wear resistant TiO, oxide layer. 


14.2.5 Fatigue and fretting fatigue properties 


It should be mentioned that although CCT can effectively improve the 
tribological and corrosion properties of Ti and its alloys, such treatment will, 
to a lesser or greater extent, reduce their fatigue properties. For instance, 
the fatigue limit of Ti-6Al-4V and Ti-6Al-7Nb was reduced by 30 and 10% 
respectively after 600°C/60 h CCT in air (Meydanoglu et al., 2008). Cingi 
et al. (2007) reported that the rotating bending fatigue strength of Ti-6AlI- 
AV alloy at 5 x 10° cycles decreased from 610 to 400 MPa (i.e. a 34% 
reduction) following 600°C/60 h CCT in air. This is echoed by the findings 
of Li et al. (2007) that, following CCT at 600°C for 100 h, the fatigue limit 
of Ti-6A1-4V alloy was reduced from 660 MPa to 500 MPa (representing 
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a 24% reduction). However, it is also reported by Ebrahimi et al. (2008) 
that CCT can marginally improve the fatigue limit of 600°C/2 h treated 
Ti-4Al-2V alloy. 

Detailed investigation indicates that the reduction in fatigue properties 
could be attributed to the formation of a surface oxide layer, a roughened 
surface (from 0.07 to 0.21 um) and residual tensile stress (~100 MPa). There 
is a significant difference in elastic modulus between the surface rutile oxide 
layer (~230 MPa) and the core material (~114 GPa). In such a composite 
system, the stress developed at a given bending load will be much higher in 
the oxide than in the substrate. Since the ceramic oxide is relatively brittle, 
premature fatigue cracking can be expected to occur from the rutile layer, as 
well as from the interface between the oxide and the oxygen diffusion zone 
at a lower stress. Multiple fatigue origins and the oxide layer spallation on 
a fatigue fractured sample are reflections of crack initiation from the oxide 
layer and from the interface (Li et al., 2007). 

However, the detrimental effect of CC treatment on rotating—bending 
fatigue properties could be recovered by an additional shot peening (SP) after 
CC treatment (Fig. 14.6). Fatigue-like failures of CC treated titanium and 
its alloys have also been observed in reciprocating pin-on-plate sliding wear 
(Dahm, 2009) and wheel-on-wheel rolling—sliding wear tests (Dong and Bell, 
2000). Interfacial fatigue was observed, as evidenced by the bench marks, 
when the applied load is above a critical value (Dong and Bell, 2000). It has 
been found that interfacial fatigue progressed from isolated blisters, through 
widespread blistering, to final rupture of the oxide layer (Dahm, 2009). 

In contrast to its detrimental effect on plain fatigue properties, CC treatment 
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14.6 Effect of shot peening on the fatigue properties of CC treated 
Ti-6AI-4V (Li et al., 2007). 
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can improve the fretting fatigue strength (FFS) at 10’ cycles of Ti-6A1-4V 
alloy by approximately 10%. This is attributed to the hard ceramic oxide 
layer on the surface and the oxygen-hardened diffusion zone underneath, 
which reduces fretting wear, fretting surface damage and fretting-induced 
fatigue crack initiation (Li et al., 2007). 


14.2.6 Applications 


The new ceramic conversion technology can offer combined improvements in 
hardness, tribological properties, corrosion resistance and biocompatibility for 
titanium alloys, thus paving the way towards high-performance, dynamically- 
loaded titanium components in demanding design situations. For example, 
the CCT technology initially invented from the Surface Engineering Research 
Group at the University of Birmingham has been transferred to Ad.Surf. 
Eng.Ltd (www.adsurfeng.com), a spin-off company of the University of 
Birmingham. To date, the potential of these novel technologies has been 
realised in motorsport (Dong et al., 1999a) and off-shore industries (Dong 
and Bell, 1999); and CCT treated titanium bone fixation devices are being 
tested in vivo. 

Great efforts have been made to reduce the weight of engines, especially 
reduction in the reciprocating mass of internal components. This allows greater 
acceleration of the lighter component or assembly, thus achieving better fuel 
efficiency and a higher upper limit of the engine speed. The development 
of the cost-effective, environmentally friendly CCT has provided a golden 
opportunity for replacing steel components with titanium alloy in racing car 
engines (Dong et al., 1999a). 

Another successful application example is CC-treated CP-Ti valves used 
in the off-shore industry. Because of the corrosive environments, such valves 
are required to be made from corrosion-resistant CP-Ti. However, galling 
occurs on the untreated CP-Ti disc due to the high contact pressure and low 
open—close cycles. This problem can be addressed by applying CCT to the 
CP-Ti disc and such surface treated valves have been successfully used for 
years. 

Dong et al. (1999b) have also explored the possibility of reducing wear of 
UHMWPE by the damage of titanium surface in UHMWPE-onr-Ti artificial 
hip joints. It has been reported that although UHMWPE cups are much 
softer than titanium heads, severe wear occurrs to the head of retrieved 
UHMWPE-on-Ti artificial hip joints. This seemingly abnormal wear of Ti 
by UHMWPE is believed to be caused by hydrogen-induced embrittlement 
of the Ti surface (Li et al., 2001). The Ti wear debris is embedded into the 
soft polymer, thus abrading the Ti surface. When a relatively thick, dense and 
adherent oxide layer on the Ti is formed by CCT, the diffusion of hydrogen 
is retarded or stopped, thus preventing the Ti surface from hydrogen-induced 
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damage. Therefore, CCT offers significant promise for combating the wear 
of Ti surfaces by polymers in artificial hip and knee joints. 


14.3. CCT for TiAl intermetallics 


Titanium-based intermetallics have great potential for high-tech applications, 
owing to their high specific strength, stiffness and creep resistance at elevated 
temperatures. For example, higher operating temperatures of gas turbine and 
car engines allow more efficient fuel energy conversion with lower toxic 
emissions. However, it has been found that these aluminides have very poor 
tribological behaviour (Chapter 3). This has been a serious impediment to 
their uptake as steel component replacements. Chu and Wu (1996) and Raskar 
(2000) have used plasma nitriding to improve the tribological properties of 
TiAl. Stimulated by the success of ceramic conversion treatments in improving 
the tribological, load-bearing and corrosion properties of titanium and its 
alloys, researchers have recently explored the potential of CCT for TiAl 
intermetallics because they contain at least 50 at% of titanium. 


14.3.1 Treatment and microstructure 


Although a great deal of work has been devoted to studying the oxidation 
behaviour of titanium aluminides, these studies have focused on oxidation 
resistance rather than on using the beneficial effect of the oxide layer to 
improve wear resistance. It is obvious that TiAl contains high amounts of 
Al and Ti; therefore, an oxide layer of Al,O3 and/or TiO, could be formed 
when applying CCT originally developed for titanium and its alloys. 

The CCT treatment of y-TiAl based alloys is normally carried out at 
temperatures ranging from 750—950°C, depending on the amounts and types 
of the alloying elements. This is because, if the treatment temperature is too 
low, no practically useful hardening effect can be produced; on the other hand, 
severe scaling occurs to TiAl at temperatures near 1000°C (Xia, 2004). 

Figure 14.7 shows a typical SEM cross-sectional microstructure of 850°C 
CC treated y-TiAl based Ti-48Al-2Nb-2Cr-1B alloy. Similar to the CC 
treated titanium alloys, the CCT produced a surface oxide layer followed 
by an oxygen diffusion zone (ODZ) beneath. XRD analyses revealed major 
diffraction peaks of TiO, and Al,O3 from the CC-treated surfaces. More 
detailed SEM and TEM characterisation indicated that the CCT surface was 
multi-layered (Xia et al., 2004a). For example, the 850°C/100 h CC treated 
Ti-48AI-2Nb-2Cr-1B contained four sublayers (Fig. 14.8): (i) top rutile 
TiO», (ii) a-Al,O3, (iii) mixture of a-Al,O3 and TiO, and (iv) Ti,AIN/TIN. 
The sublayer (i) was thicker than sublayer (ii) because TiO, grows much 
more rapidly than Al,O; (Tortorelli and DeVan, 1996). The thickness of the 
ODZ increased from 7 to 16 um when the treatment time increased from 8 
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14.7 SEM cross-section image of 850°C/50h treated Ti-48AI-2Nb-2Cr- 
1B (Xia et al., 2004a). 


14.8 High magnification SEM back-scatter electron image of 
850°C/100h treated Ti-48AI-2Nb-2Cr-1B. 


to 100 h. The ODZ is thinner when formed in TiAl intermetallics than in 
titanium alloys. 


14.3.2 Surface property enhancement 


Significant improvement in the surface hardness of titanium aluminides can 
be achieved through the ceramic conversion treatment. The surface hardness 
of 850°C/100 h CCT treated Ti-48AI-2Nb-2Cr-1B can be more than four 
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times higher than that of the untreated surface because of the formation of 
surface oxide layers; the ratio of E/H is about three times lower than that 
of the untreated material. Therefore, CCT cannot only increase hardness but 
can also reduce the plastic deformation due to the reduced E/H ratio. 

Because of the formation of surface oxide layers of a-Al,03 and TiO, 
the scratch resistance of TiAl intermetallics can be effectively increased. For 
example, when scratched by a diamond indenter under a load of 100 mN, the 
residual scratch depth reduced from 400 nm for the untreated Ti-48Al-2Nb- 
2Cr-1B to less than 350 nm following the CCT. Atomic force microscopy 
(AFM) measurements demonstrated no cracking or spallation of the oxide 
layer (Fig. 14.9), implying that the surface oxide layer has reasonable 
toughness and adherence to the substrate (Xia et al., 2006). 

The tribological properties of TiAl intermetallics can be greatly enhanced 
by ceramic conversion treatment. The critical load to scuffing, determined 
from the Amsler block specimen-on-hardened wheel (780 HV) testing, was 
about 40 kgf for the as-received Ti-48AI-2Nb-2Cr-1B, and increased to 
180 kgf following CC treatment. The friction coefficient of Ti-48A]-2Nb- 
2Cr-1B disc sliding against a WC ball (8 mm in diameter) under 10 N in 
air was scattered in the range of 0.5-0.7, whereas the friction coefficient of 
CC treated material was much smaller and stable, with an average value of 
0.22. The average wear rate in the steady stage of the as-received material 
was 2.55 x 10° mm? m“!, which is more than two orders magnitude greater 
than that of the as-received material (6.76 x 10° mm? m’!) (Xia et al., 
2004b). 


14.3.3 Applications 


It has long been the target of all new engine development to improve the 
efficiency of the engines, thus reducing fuel consumption and CO, emissions. 
The use of TiAl valves could contribute to achieve this target, mainly because 
of their light weight and thus reduced moving mass. In addition, TiAl 
intermetallics possess relatively high oxidation resistance and high strength 
at high temperature, which is particularly beneficial for exhaust valves in 
view of the ever-increasing service temperature. 

One of the technical barriers to the potential use of TiAl as engine valves 
is the poor wear resistance of TiAl and the wear of valves at the tip of stem, 
stem and the seat. Gebauer (2006) has explored the possibility of using 
CCT to protect TiAl exhaust valves from wear. Figure 14.10 compares the 
wear of CCT treated (left) and PVD coated (right) TiAl exhaust valves after 
600 h testing. It can be seen that the distance between the groove and the 
tip is much smaller for the PVD coated valve than for the CC treated one. 
Indeed, the tip of the PVD coated valve was worn by 1.5 mm in 20 h, but 
no significant wear to the CCT treated tip was observed. Therefore, CCT is 
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14.9 AFM images of the scratch track on (a) as-received and (b) CCT 
TiAl under a load of 100 mN (Xia et al., 2006). 


a cost-effective surface engineering technology for the wear protection of 
TiAl valves. 

TiAl intermetallics are initially developed for aerospace applications and 
their high specific strength and high resistance to creep and oxidation make 
them good candidate materials for low-pressure turbine blades. As has been 
discussed in Chapter 3, gamma-TiAl is prone to adhesion, material transfer 
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14.10 Comparison of the wear of (a) CCT and (b) PVD treated TiAl 
valves (Gebauer, 2006). 


and fretting damage (Miyoshi ef al., 2003). It is thus expected that CCT 
could be a promising surface engineering technology for combating fretting 
wear and fretting fatigue of gamma-TiAl turbine blades. 


14.4 CCT of TiNi shape memory alloys 


TiNi shape memory alloys (SMAs) are ordered intermetallic compounds 
based on the equiatomic composition. Because of their shape memory 
effect and superelasticity effect, TiINi SMAs have found many important 
applications. For example, as biomaterials, TiNi SMAs are used in dentistry 
and medicine as body implants and surgical devices (Hassters et al., 1990); 
as smart materials, TiNi SMAs are used to make actuators to actively sense 
and control the action of some important devices. Although TiNi shape 
memory alloys can exhibit fairly good wear resistance under some conditions, 
resulting from their rapid work hardening and superelasticity characteristics 
(Li, 2000), wear is still a major concern for many demanding biomedical 
and actuator applications (Ju and Dong, 2007). 


14.4.1. Treatment and microstructure 


TiNi shape memory alloys are attractive materials for biomedical applications 
owing to their unique shape memory and superelasticity characteristics, as 
well as acceptable biocompatibility as bulk materials. However, concerns 
over the release of potentially toxic nickel ions caused by such surface 
degradation processes as wear and corrosion have, to a large extent, restricted 
their wider applications. As smart materials, TiNi shape memory alloys are 
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also used to make actuators for some important devices. For many such 
applications, sliding wear would occur, which could impair the effectiveness 
and reliability of TiNi actuators. 

Some surface treatments, such as excimer laser treatment, mechanical 
polishing, eletropolishing, nitric acid passivation and steam autoclaving, have 
been used to thicken the surface oxide layer on TINi SMAs (Shabolovskaya, 
2002). Although these surface treatments can improve, to some extent, the 
corrosion resistance of TiNi alloys, the oxide layer formed during these 
treatments is too thin to withstand wear, or the synergistic effect of corrosion 
and wear. 

Recently, Ju (2007) has conducted systematic work to address the above 
wear and metal ion release problems by applying the ceramic conversion 
treatment to TiNi SMAs. This is because, mechanically, TiO, has high 
hardness and wear resistance, and biologically, the rutile TiO, formed can 
act as a barrier to Ni ion release. Both thermal oxidation treatment in air 
at 300-500°C for 50 h and 550—750°C for 1-9 h (Ju, 2007), and plasma 
oxidation in a gas mixture of air and hydrogen at 400-650°C for 4-16 h (Ju 
and Dong, 2007) were investigated to identify the optimal conditions for 
CCT of TiNi SMA surfaces. The comparative studies (Ju, 2007) indicated no 
apparent advantages for plasma oxidation over thermal oxidising treatment in 
terms of the thinner oxide layer and lower scratch critical load, probably due 
to the sputtering effect of plasma. In addition, oxidation of plasma facility 
associated with plasma oxidation treatment at high-temperature could be a 
practical problem. 

Ju and Dong’s detailed research (Ju, 2007; Ju and Dong, 2007) into CCT 
of TiNi SMAs revealed that, when treated at 300°C in air for 50 and 100 h, 
a very thin single layer of anatase TiO, was formed. When the treatment 
temperature rose to 400°C, rutile TiO, was identified in conjunction with 
anatase TiO>. A new phase, Ni;Ti, was formed at 400°C when increasing the 
treatment time from 50 to 100 h. The phase composition of 500°C/(50 and 
100 h) and 550°C/(4—16 h) treated samples were the same as the 400°C/100 h 
treated one but the intensity of rutile TiO, and Ni3Ti increased while that 
of anatase TiO, decreased. A new phase, NiTiO3 was detected along with 
rutile TiO,, anatase TiO, and Ni3Ti in the surface of TiNi SMAs after CCT 
at 650°C or above. 

All the samples after 50 and 100 h CCT at 300, 400 and 500°C had a 
similar cross-section structure with a single layer formed on the surface. 
The thickness of the ceramic layer increased with the treatment temperature 
and time, but it was normally less than 1 micron. A two-layer cross-section 
structure, a top TiO, layer followed by a TiNi3-enriched layer (Fig. 14.11), 
was observed in the surface of TiNi SMAs when CC treated at 550°C for 
more than 2 hours, or at 650°C for 1—4 hours. Further increase in temperature 
and/or time led to the formation of a three-layer cross-section structure with 
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TiNi substrate 


14.11 Cross-sectional two-layer structure of CCT SMAs (Ju and Dong, 
2007). 


a Ni-rich intermediate layer between the top TiO, layer and bottom TiNi3 
layer. Scratch test results demonstrated that CCT treated surfaces with a 
relatively thick single layer or relatively thin double layers possessed high 
scratch critical loads. 


14.4.2 Surface property enhancement 
Corrosion resistance 


Optimally CC treated TiNi SMA samples demonstrate a much better corrosion 
resistance in Ringer’s physiological solution when tested using the potential 
dynamic corrosion method (Ju, 2007). This is because the TiO, oxide layer 
formed by CCT is chemically inert in neutral or acidic media, and therefore 
can effectively protect the substrate from corrosion provided the oxide layer 
is dense, adherent and free of defects (such as flaws, pinholes, scratches or 
pores). 


Dry unidirectional sliding wear 


The sliding wear resistance of TiNi SMAs can be effectively improved by 
optimal CCT. As shown in Fig. 14.12, the wear of 400°C/50 h (CC400HS50) 
and 600°C/1 h (CC650H1) CCT treated TiNi SMAs is significantly reduced 
when unidirectionally sliding against an 8 mm hardened (853 HV) SAE52100 
ball in air under 6 N. The wear mechanism changed from adhesive and 
abrasive wear for the untreated materials to mild abrasive wear for the CC 
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14.12 Comparison of wear volume of the untreated and CC treated 
TiNi alloys samples under 6N (Ju and Dong, 2007). 


treated samples. This is partially because of the increased surface hardness 
and thus abrasive wear resistance and partially because of the reduced E/H 
ratio and thus reduced adhesive wear. 


Reciprocating corrosion-wear 


Similar improvement in wear resistance was also found when the CCT 
surfaces reciprocated against a 12.5 mm WC/Co ball in Ringer’s physiological 
solution. As shown in Fig. 14.13, after CC treatment, the Ni ion released 
into the solution during wear tests greatly decreased from about 115 ug L™ 
for the untreated NiTi alloy samples to around 14 ug L for the 600°C/1 h 
samples and 11 ug L”! for the 400°C/5S0 h ones, which represents a more 
than 8 and 10 times decrease, respectively. 


Fretting corrosion 


Recently, Dong et al. (2008) have carried out fretting-corrosion tests in 
Ringer’s solution to investigate the effect of ceramic conversion treatments 
on the surface damage and nickel ion release of NiTi alloys under fretting 
corrosion conditions. This is because some SMA implants, such as orthodontic 
arch wires and orthopaedic bone fixation devices, need to withstand the 
combined attack of corrosion from body fluid and mechanical fretting. Their 
experimental results have shown that CC treatment can effectively improve 
the fretting corrosion resistance of TiNi SMA and reduce Ni ion release into 
the Ringer’s solution. As shown in Fig. 14.14, while nickel ion concentration 
increases rapidly with the fretting cycles for as-received material, there is 
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14.13 Nickel concentration in the Ringer’s solution after wear tests 
for the untreated and CC treated samples (Ju and Dong, 2007). 
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14.14 Nickel concentration in the Ringer's solution as a function of 
fretting cycles (Dong et al., 2008). 


almost no further release of nickel ions after the 10000 running-in stage. 
After 50 000 fretting cycles, the maximum release of nickel ions was reduced 
from about 65 g/L for the untreated sample to about 10 pg/L for the CC 
treated CC400H50 and CC650H1 samples. The reasons for the significantly 
reduced Ni ion release are threefold: (4) the hard surface rutile layer can 
increase wear resistance, (ii) the surface rutile layer is almost Ni-free and 
(iii) the surface rutile layer can act as a barrier to Ni ion release. 
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14.4.3 Applications 


It is clear from the above discussion that the dry sliding wear of TiNi SMAs 
can be effectively addressed by CC treatment. Therefore, it is expected that 
the wear of load-bearing smart actuators could be reduced by CC treatment 
and their reliability and durability would thus be increased. 

Surface damage-induced rapid nickel ion release and the associated 
allergic hypersensitivity are major concerns over the SMA body implants. 
Therefore, CCT could be used to reduce the cytotoxicity of TiNi implants 
such as orthodontic arch wires and novel bone fixation devices. 


14.5 Summary and conclusions 


Ceramic conversion treatment is a new surface engineering technology 
developed specifically for titanium-based alloys, including titanium and its 
alloys, TiAl intermetallics and TiNi shape memory alloys. During ceramic 
conversion treatment, the surface of titanium-based materials can be converted 
in-situ into oxide ceramic layers by reacting with oxygen. Unlike plasma 
electrolytic oxidation, a hardened case beneath the oxide layer is also formed 
when oxygen diffuses into the substrate during the ceramic conversion 
treatment. 

Ceramic conversion treatment can effectively enhance the tribological, 
corrosion, fretting-fatigue and biocompatibility of titanium-based alloys, 
mainly due to the formation of dense and adherent surface oxide ceramic 
layers, which are mechanically supported by the oxygen diffusion hardened 
case. 

Ceramic conversion treatment is cost-effective and environmentally 
friendly. To date, the potential of the new treatment has already been realised 
in the motor sports, automotive and off-shore industries. A number of new 
applications are being explored, for example, TiNi and titanium body implants, 
TiAl aero engine components and TiNi actuators. 


14.6 Future trends 


Ceramic conversion treatment has proved to be one of the most cost-effective 
surface engineering technologies to combat wear of titanium-based materials 
under low to medium loads. However, the total hardened case for typical 
CC treatments conducted in air at relatively low-temperatures (600—650°C) 
is thin (20-30 microns). In order to increase the load-bearing capacity of 
surface treated titanium-based alloys, a deep-case hardening technique (~300 
microns) has been invented by Dong et al. (Dong and Li, 2000; Dong et al., 
2001) based on oxygen boost diffusion (OBD). However, although OBD 
treatment can improve abrasive wear of Ti-based alloys, it cannot eliminate 
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the high adhesion tendency of titanium alloys. This is because the surface 
oxide layer formed during the first boost step of OBD is dissolved during 
the second step diffusion step (~850/20h) in vacuum. Therefore, duplex 
treatments have been developed to apply a low-friction; anti-adhesion surface 
layer on the OBD hardened case (Bell et al., 1998; Zhang et al., 2008) but 
these duplex treatments are not cost-effective. Recent work by Stratton and 
Graf (2008) has revealed that a deep-hardened case (~200 microns) with a 
surface ceramic layer can be produced by one-step CCT at high-temperatures 
(850-900°C) using a gas mixture of carbon monoxide and argon. This could be 
a promising surface engineering process for medium-to-high loaded titanium 
components. However, the effect of such high-temperature treatments on 
the fatigue properties of treated materials needs to be assessed. In addition, 
such treatments are more expensive than typical CCT treatments in open air 
because of the need for the gas supply and a control system. 

It is known that the response of titanium-based materials is strongly 
composition dependent, and the properties of CCT treated titanium-based 
alloys are sensitive to the processing conditions, such as the gas composition, 
treatment temperature and processing period. Currently, the screening of 
optimal processing conditions is mainly based on empirical or trial-and- 
error methods, which is both time- and labour-consuming. In addition, it is 
difficult, if not impossible, to identify the optimal CCT window for a given 
material and application conditions within a short period of time. Therefore, 
modelling-based process optimisation and service performance prediction 
methods need to be developed. 

It is known that CC treatment will, more or less, reduce the fatigue 
properties of titanium-based alloys. Therefore, it is important to develop 
effective masking methods to treat selected surface areas of components. In 
addition, it is also important to compare the surface properties of CC treated 
titanium-based alloys with those produced by other surface engineering 
techniques (such as plasma electrolytic oxidation) to provide a database for 
titanium component designers. 

Our work (Qi et al., 2001) has demonstrated that new, multifunctional 
surfaces can be achieved by developing modified CC treatment. For example, 
when the ceramic layer on CP-Ti is doped with Pd, its corrosion resistance 
in boiling 20% HCl solution can be significantly improved (Table 14.2). 
Furthermore, CCT technology has recently been applied to zirconium-based 
alloys to combat wear (Ji et al., 2010). 
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Duplex surface treatments of light alloys 


R. Y. Q. FU, Heriot Watt University, UK 


Abstract: Duplex or hybrid surface engineering is the sequential application 
of two (or more) established surface technologies to produce a surface 
composite with combined properties which are unobtainable through any 
individual surface technology. Low friction coatings such as DLC, nitrides 
and oxides can be used as the top coating layer, which can not only increase 
wear resistance but also diminish interfacial shear stress and strain, and 
reduce the tendency for debonding of top coatings. A deep case-hardened 
layer can be used as the bottom layer, which can significantly enhance 

the load-bearing capacity and improve the coating/film adhesion. In this 
chapter, the mechanisms, potential techniques, and applications of the 
duplex and hybrid treatments of titanium and aluminium alloys have been 
summarized. 


Key words: duplex treatment, load bearing capacity, adhesion, hard coating, 
case hardening, Ti alloys, Al alloys. 


15.1 Introduction 


The rapid development in engineering demands materials with good 
mechanical properties, resistance to friction, wear, corrosion and erosion, etc. 
Many components will operate under severe conditions, such as high loads, 
high speeds and harsh environments, in order to achieve high productivity, 
high power efficiency and low energy consumption (Bell et al., 1994). 
These demands can be satisfied by applying various surface engineering 
techniques which permit modification of the chemical properties, composition, 
microstructure, and/or phases of the surface layers of the treated parts (Bell, 
1987). 

There is increasing interest in the applications of titanium and aluminium 
alloys in such sectors as automotive, medical, power generation and general 
engineering. Titanium and aluminium alloys show a relatively high strength- 
to-density ratio and good corrosion resistance (Budinski 1991; Gadow 
and Scherer et al., 2002). Their main disadvantage in many applications 
is low hardness and hence low resistance to abrasive wear. Over the past 
twenty years, significant progress has been made to overcome the inherent 
tribological problems of titanium and aluminium alloys by means of surface 
engineering techniques, including sputtering, plasma nitriding, and/or electron 
beam surface alloying techniques (Bell et al., 1994). TiN, CrN or DLC 
thin films have been frequently used in coatings of titanium and aluminium 
alloys, which can provide surfaces with dramatically improved tribological 
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properties in terms of low friction and high resistance to wear (Wierzchon, 
2003). However, they often exhibit limited tribological performance due to 
(i) the low yield strength and severe plastic deformation of the substrate; (ii) 
being too thin to support the heavy load and protect the substrate in the contact 
conditions. Deposition of thick (more than 10 um) PVD coatings usually 
results in large compressive stresses, and thus low adhesion (Wanstrand et 
al., 2000). 

In most coating systems that are subjected to relatively high intensity 
loading, plastic deformation normally initiates in the substrate near the 
coating—substrate interface, and plastic deformation does not initiate in the 
coating until a large plastic zone has been developed in the substrate (Zhang 
et al., 2005 a and b). The load bearing capacities of coating—substrate systems 
depend significantly upon the substrate properties. Deep case hardening 
can significantly enhance the load bearing capacity of a coating—substrate 
system; for example, surface nitriding and oxidation (Kessler et al., 2002). 
However, in some applications, these deep hardened layers alone exhibit 
higher friction and wear rates when compared with most ceramic thin film/ 
coatings. These new challenges can be met only through realising the potential 
of duplex or hybrid surface engineering (see Fig. 15.1) (Bell and Dong et 
al., 1998). Duplex or hybrid surface engineering involves the sequential 
application of two (or more) established surface technologies to produce a 
surface composite with combined properties that are unobtainable through 
any individual surface technology (Bell et al., 1994). For example, in Fig. 
15.2a, low friction coatings such as DLC, nitrides and oxides, can be used 
as the top coating layer, which may not only increase wear resistance but 
also diminish interfacial shear stress and strain, and reduce the tendency 
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15.1 Illustration of duplex surface engineering system. 
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75.2 (a) Illustration of the cross-section of a duplex treatment 
example. (b) Typical examples of surface engineering technologies 
used in the duplex surface treatment. 


for debonding of the top coatings. On the other hand, a deep case-hardened 
layer beneath the hard coatings can significantly enhance the load bearing 
capacity and improve the coating/film adhesion. 

The possible combinations of surface technologies and duplex surface 
technologies could be endless; however, to date only a limited number of 
duplex treatments have been developed and used in real applications (Staines, 
1991; Sun and Bell, 1992; Stappen and Kerhofs, 1993; Bell and Sun, 1990). 
Some potential surface engineering technologies for the duplex treatment are 
shown in Fig. 15.2b. The common mechanisms for the enhancement of duplex 
or hybrid treatment can be summarized as follows (Fu et al., 2000c): 
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(iv) 
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To synthesise thin/hard film/coatings, it is important to provide a 
structural template to seed their growth. Take the crystalline carbon 
nitride as one example, an ideal structural template is the one with at 
least one low free-energy plane lattice matched to some low free-energy 
plane of carbon nitride (C3N,). TiN is a reasonable substrate to realise 
this purpose (Li et al., 1995). By depositing carbon nitride films on 
plasma nitrided Ti-6Al-4V (from which TiN can be produced), it is 
easy to obtain an optimum chemical (both are nitrides) and structural 
transition between plasma nitrided layer and carbon nitride film (Fu 
et al., 2000c). 

The case-hardening diffusion layer produces a graded hardened case 
that serves as an excellent supporting layer for the hard film/coating. 
It also increases the hardening depth, provides compressive stress and 
imparts better stability for the top thin film/coating (Kaestner ef al., 
2001; Fu et al., 2000c). 

Hard thin films/coatings can produce wear resistant and low-friction 
surfaces without impairing the beneficial effects of the case-hardened 
diffusion layer. Smooth and low friction film/coatings can effectively 
reduce both the tangential stress and the interfacial stresses, thus providing 
good tribological behaviour (Bailey and Sayles, 1991). For example, 
it was reported that in the zone near the PVD TiN-plasma nitrided 
substrate interface, the highest stresses were only half as large as the 
values that occurred at the same depth in the film on the untreated case 
(Dong et al., 1997). This reduction in stress contributes to the improved 
tribological and bonding strength of engineering components. 

For some films/coatings, such as DLC, MoS,, or CNy films, if small 
amount of film debris is generated, it might play an important role 
during wear processes depending on whether it is soft (graphitic) or 
hard (diamond-like), and how easily it is detached from the surface. 
The spalled films can act as a solid lubricant during sliding, i.e. as a 
third lubricating body between the two surfaces. Mechanical—chemical 
interactions between the sliding interfaces and the environment can 
lead to micro-graphitisation of the interlayer at the microcontacts, thus 
improving the tribological performance (Meletis et al., 1995; Liu et 
al., 1996). Alternatively, harder debris can do considerable damage. 


In this chapter, the mechanisms, potential techniques, and applications 
of the duplex and hybrid treatment of titanium and aluminium alloys are 
summarized. 


15.2 


Duplex surface treatment of titanium (Ti) alloys 


Titanium and its alloys have many attractive properties, including high 
specific strength and modulus, excellent corrosion resistance, and, in some 
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cases, good cryogenic properties (Park, 1984; Polmear, 1989). They are 
widely used in aerospace applications and many corrosive environments 
(Budinski, 1991). Ti-6Al-4V alloy has also been frequently used for 
orthopaedic devices and other engineering components due to its beneficial 
properties, such as low density, low elastic modulus, excellent corrosion 
resistance and biocompatibility (Man and Zhang, 2001). However, titanium 
and titanium alloys are notorious for their poor tribological properties, such 
as poor abrasive and adhesive wear resistance, being prone to fretting wear 
and fretting fatigue, a tendency to galling and seizure, etc. (Budinski, 1991). 
Many surface engineering techniques have been investigated and applied to 
titanium alloys, such as laser surface treatments, physical vapor deposition 
(PVD), chemical vapor deposition (CVD), plasma nitriding, plasma spraying, 
plasma immersion ion implantation (PHI) and plasma oxidising (Bell et al., 
1986; Fu et al., 1998b, 2000b, 2000f; Yan et al., 1999; Fu and Batchelor, 
1998; Fan et al., 1997; Chandra et al., 1996; Heinrich et al., 1997; Grill, 
1997). 

Thin/hard films/coatings deposited on ‘hard’ substrates (ceramics and 
hardened steels) have generally displayed excellent tribological performance. 
However, when they are deposited on ‘soft’ substrates, such as pure titanium 
and Ti6Al4V alloy, the soft substrate will deform plastically and may not 
be able to provide adequate support for the hard films. In other cases, the 
repeated local deformation or deflection of the coating can cause fractures 
or fatigue cracks that eventually destroy the film. Recently, novel duplex 
or hybrid systems have been designed and applied to solve this problem for 
Ti alloys (Kwietniewski et al., 2001). Duplex process, consisting of low 
temperature plasma nitriding followed by in situ deposition of a film/coating, 
can significantly increase the composite hardness, adhesion and load bearing 
capacity (Rahman et al., 2007). 


15.2.1 Duplex treatment based on plasma nitriding and 
CNy 


Amorphous CN films show attractive mechanical and tribological properties, 
characterised by high hardness, high elastic recovery, good adhesion to substrate 
and low friction coefficient. They have already been applied in the magnetic 
recording industry, rivalling amorphous DLC films due to their superior heat 
conductivity, and low friction coefficient (Grill and Patel, 1993; Koskinen 
et al., 1996). Amorphous carbon nitride films have also been prepared on Ti 
alloys for improving their tribological properties and biocompatibility (Grill, 
1997; Narayan et al., 1994). Higher coating hardness and lower coefficient 
of friction are desirable for the good tribological performances of CN films. 
However, high hardness usually corresponds with brittleness and high stress in 
the coating, which may mean reduced load bearing capacity and tribological 
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performance (Khurshudov ef al., 1996). The soft Ti alloys may not be able 
to provide adequate support for the hard DLC or CN films. An approach 
to solve this problem is to design and develop duplex diffusion/coating 
treatments (Rie et al., 1995; Marumo et al., 1996; Dong et al., 1998; Huang 
et al., 1994; Michler et al., 1999; Lai et al., 1996). The best design should 
combine high hardness, low coefficient of friction and high load bearing 
capacity (not only the high adhesion strength) (Ronkainen et al., 1999). In 
the following sections, the duplex treatment of Ti based alloys combining 
plasma nitriding and carbon nitride films will be characterised. 


15.3 Load bearing capacity of duplex surface 
treatments 


15.3.1 Indentation tests 


Indentation tests are often used to measure the static load bearing capacity 
of a coating—substrate system (Fu et al., 2000b). Figure 15.3 shows SEM 
micrographs of the indentation impressions of magnetron sputtered CN films 
deposited on Ti-6AI-4V and plasma nitrided Ti-6A1-4V. For the CNy films 
deposited directly on Ti-6AI-4V substrate, there is usually large-area cracking 
and spallation occurring after indentation, due to the brittle nature of the CNx 
film and poor load bearing capacity. Figure 15.3a shows surface cracking 
and discrete debonding (Grill and Patel, 1993). This situation corresponds 
to a film with a relatively poor load bearing capacity. When there are large 
stresses existing in the film due to sharp differences in elastic modulus or 
hardness between coating and substrate, the compressed film may buckle at 
the interface, and these buckles are susceptible to crack propagation along 
the interface, followed by large-area spallation, as shown in Fig. 15.3a. The 
poor load bearing capacity of CNy films on Ti-6AI1-4V is attributed to: (i) the 
high hardness, brittleness and large high internal stresses in the thin film; (ii) 
the significant differences in elastic modulus and hardness between the CNx 
film and Ti alloy; (iii) the high contact pressure during indentation, which 
causes the severe plastic deformation of the soft substrate, thus inducing the 
cracking and spallation in the thin and hard CN film. 

Under a normal load of 60 kgf, for a 2 Um CNy film deposited on plasma 
nitrided Ti-6A1-4V substrate, there are some small ring cracks within the 
impression, and radial cracks formed at the circumference of the indentation, 
indicating the brittle nature of the deposited CN x films, as shown in Fig. 15.3b. 
During indentation, the circular surface wave-like topographic deformation 
serves as the driving force for these lateral cracks. Under a higher normal 
load of 150 kgf, severe radial and ring cracks (but no spallation) are observed, 
indicating a high load bearing capacity of CN x films deposited on plasma 
nitrided substrates. 
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15.3 SEM micrographs of the Rockwell indentation impressions of 
CNx films deposited on (a) Ti-6AI-4V and (b) plasma nitrided Ti-6AI- 
AV (Fu et al., 2000f, with permission from Springer Publishing). 
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Figure 15.4 summarizes the indentation failure modes for different load 
bearing capacities of thin films, obtained from the results in Fig. 15.3. These 
results indicate that, with the application of a plasma nitrided interlayer 
between the substrate and coating, the static load bearing capacity has been 
improved significantly (Wei et al., 1992; Evans and Hutchinson, 1995). 


15.3.2 Scratch tests 


Scratch testing was used to evaluate the dynamic load bearing capacity of 
coatings under both normal and tangential forces. For the scratch tests on 
CNx films, the load—friction curves of coated samples often show a linear 
increase at the beginning period, with an abrupt increase at a critical load, 
corresponding to coating failure. The critical loads, i.e. the load bearing 
capacity of CN, films on untreated and plasma nitrided Ti-6AI-4V substrate 
are shown in Fig. 15.5. Compared with that of carbon nitride film deposited 
directly on the Ti-6A1-4V substrate, the load bearing capacity is improved 
dramatically with the application of the plasma nitrided layer between the 
Ti-6A1-4V substrate and CNy film. 

Figure 15.6 shows typical friction—load curves of scratch tests for CNx 
films deposited on Ti-6AI-4V substrate and pre-nitrided layer. Figure 15.7 
shows the curves of the coefficient of friction vs. normal load for different 
specimens. For stylus scratching on Ti-6A1-4V substrate, the coefficient of 
friction is extremely high (>0.6). Examination on the scratch track reveals 
typical severe abrasive wear (i.e. ploughing) (see Fig. 15.8). With stylus 
scratching on the plasma nitrided Ti-6Al-4V substrate, the coefficient of 
friction is low and stable (around 0.15). Examination of the wear track shows 
that there is not much wear and only slight scratching lines on the track, 


(c) 


15.4 Indentation failure modes for CN, films deposited on different 
substrates (a) cracking but there is no spallation, showing good load- 
bearing capacity of the films; (b) cracks and debonding showing the 
load-bearing capacity is not good; (c) large area spallation showing 
poor adhesion with substrate and poor load-bearing capacity. (Fu et 
al., 2000f, with permission from Springer Publishing). 


© Woodhead Publishing Limited, 2010 


Load bearing capacity (N) 


80 5 


fo>) 
oO 
l 


40 - 


20 4 


Duplex surface treatments of light alloys 509 


T T T 1 
CNX [5um)/Ti = CNX [2um)/Ti CNX[5um)/PN/Ti CNX[2 um I/PN/Ti 


15.5 Load bearing capacity of CN, films on untreated and plasma 
nitrided Ti-6AI-4V substrate, obtained by scratch tests (Fu et al., 
2000f, with permission from Springer Publishing). 
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15.6 Typical friction—load curves for scratch tests on a CN film 
deposited on untreated and on plasma nitrided Ti-6AI-4V (Fu et al., 
2000d, with permission from Elsevier). 


indicating a good wear resistance. When the load is increased to about 55 
N, there is a large variation in the coefficient of friction, probably caused 
by the collapse of the nitrided layer under high normal load. 

For the scratch test of CNx film deposited on Ti-6A1-4V substrate, during 
the beginning period the coefficient of friction is very low (see Fig. 15.6), 
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indicating a good lubricating effect of the CNx film. However, after a short 
period, the coefficient of friction increases abruptly. This is attributed to 
the spallation of the CNy film, due to its poor adhesion strength and load 
bearing capacity on the Ti-6AI-4V substrate. 

The duplex treated coating shows excellent load bearing capacity and 
tribological performance. For a 2 Um CN x film deposited on the pre-nitrided 
specimen, the long-term coefficient of friction is rather low and stable as 
shown in Fig. 15.7. A typical scratch morphology on the duplex treated 
surface indicates mild wear on the CNx film (see Fig. 15.8). Then there is 
a sudden jump in the friction force, occurring at a critical load of around 
55. N, as shown in Fig. 15.7. SEM examination reveals that the film cannot 
endure the combination of the high normal load and frictional force, so it 
collapses and causes the large-area spallation of the film. The relatively 
low coefficient of friction under a higher normal load is probably related 
to graphitisation of the CNx coating under high load and sliding conditions 
(Liu et al., 1996). In brief, hard and low-friction CNx films can effectively 
reduce the coefficient of friction, thus providing good tribological behaviour. 
Provision of a reinforcing plasma nitrided layer before deposition of CNx 
films can improve the wear resistance significantly (Bailey and Sayles, 
1991). 
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15.7 Curves of coefficient of friction with increase of normal load 
for Ti-6AIl-4V substrate, plasma nitrided layer, CN, film deposited on 
Ti-6AI-4V substrate and on pre-nitrided layer (Fu et a/., 2000f, with 
permission from Springer Publishing). 
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15.8 Wear surface morphology on different samples: Ti-6AI-4V, 
plasma nitrided (PN) and duplex treated Ti-6AI-4V alloy (Fu et al., 
2000d, with permission from Elsevier). 


15.4  Tribological properties of duplex surface 
treatments 


15.4.1. Dry sliding condition 


Figures 15.9a-d show comparisons of coefficients of friction under different 
normal loads and dry sliding condition using a pin-on-disc wear tester for 
different samples (Fu et al., 2000f). The counterpart is an alumina ball. 
Under a normal load of 5 N, both the plasma nitrided specimen and duplex 
treated sample show a relatively low value of coefficient of friction (Fig. 
15.9) compared with that of the Ti substrate. However, the coefficient of 
friction of the plasma nitrided specimen increased gradually during further 
sliding (Fig. 15.9b), whereas that of the duplex treated specimen remained low 
and stable (Fig. 15.9d). CN x film deposited on Ti-6AI-4V substrate showed 
a low value of coefficient of friction. However, due to poor adhesion and 
the occurrence of spallation, the coefficient of friction varied significantly 
during sliding. When the normal loads were 5 N and 10 N, the coefficient 
of friction of the duplex treated specimen remained at a low value of about 
0.15 (Fig. 15.9d). That of the plasma nitrided specimen jumped to a high 
level of 0.6 to 0.7 due to the spallation of the compound layer. In brief, the 
duplex treated system was more effective in maintaining a favourable low 
and stable coefficient of friction than both individual plasma nitriding and 
individual CNx films. 

Figures 15.10a-d show the comparison of wear rates for the three types of 
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specimens. Both the plasma nitriding and duplex treated coating can improve 
the wear resistance significantly under low normal loads of 2 N and 5 N. 
Clearly, the duplex treated system was more effective in terms of improving 
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15.9 Coefficient of friction of different samples under dry sliding 
condition and different normal loads. (a) untreated Ti-6AI-4V; (b) 
plasma nitrided samples; (c) CNy film deposited on untreated Ti-6Al- 
4V; (d) CN x film deposited on plasma nitrided Ti-6AI-4V (Fu et al., 
2000d, with permission from Elsevier). 


© Woodhead Publishing Limited, 2010 


Duplex surface treatments of light alloys 513 

0.20 - 
Cc 
xc 
& 
S orf TON 
g | 
oO 
2 
ha 
} 
© 0.05 - 

——5N 
sree 10N 
0.00 L L | L | 
0 50 100 150 200 250 300 
Distance (m) 
(c) 
0.25 - 
5N 

0.20 + 
c 
s 20N 
2 
= 0.15 
a) 10N 
5 
$B 0.10 
ba 
oO 
fe) 
oO 

0.05 

0.00 ! | | ! ! 

0 50 100 150 200 250 300 
Distance (m) 
(d) 


15.9 Continued 
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wear resistance than both individual plasma nitriding and individual CNx 
film, especially at a high normal load. 

The dominant wear mechanisms for untreated Ti-6AI-4V were abrasive 
wear, adhesive wear and delamination, with extensive ploughing and 
delamination (see Fig. 15.11). There were usually large quantities of wear 
debris on the wear tracks, which were the oxide particles according to EDX 
analysis results. Examination of the worn Al,O3 ball using EDX indicated 
the transfer of substrate materials onto the balls. In brief, the tribological 
behaviour of untreated Ti-6Al-4V was characterised by a high coefficient 
of friction and severe wear of materials (Molinari et al., 1997). 
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15.10 Wear rates of different samples under both dry sliding and 

lubricated conditions with simulated body fluids. (a) Ti-6AI-4V; (b) 
plasma nitrided Ti-6AI-4V; (c) CN, coated untreated Ti-6AI-4V; (d) 

film deposited on plasma nitrided Ti-6AI-4V (Fu et a/., 2000d, with 
permission from Elsevier). 
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15.11 Extensive adhesive and abrasive wear on worn Ti-6AI-4V 
sliding with alumina balls (Fu et a/., 2000d, with permission from 
Elsevier). 


Figure 15.12 shows the worn surface morphology of the plasma nitrided 
sample under a normal load of 10 N. On the worn surface, crushing or 
spallation of the compound layer could be observed, indicating that the 
dominant wear mechanisms are spallation and severe abrasive wear. Figure 
15.13 shows the worn surface morphology of the CN films on the Ti-6Al- 
AV substrate, indicating a large-area spallation of CNx films. On the worn 
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15.12 Spallation (or crushing) of a plasma nitrided layer under a 
normal load of 10 N and dry sliding condition (Fu et a/., 2000d, with 
permission from Elsevier). 


Wear track 


15.13 Large-area spallation of CN, films deposited on untreated Ti- 
6AI-4V substrate under dry sliding condition (Fu et a/., 2000d, with 
permission from Elsevier). 


coating surface, the coating fragments were entrapped within the wear track, 
comminuted into fine particles, and finally mixed up with the substrate 
materials to form a mechanically alloyed surface. Figure 15.14 shows 
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15.14 Raman analysis result on the wear tracks, showing the micro- 
graphitisation of this debris layer (Fu et a/., 2000d, with permission 
from Elsevier). 


Raman analysis on these mechanically alloyed layers. Compared with those 
of untreated CNy film, the D band (1335 cm™!) and G band (1595 cm!) 
became sharp in the spectrum as a result of graphitisation (Meletis et al., 
1995; Liu et al., 1996). These graphitised layers can act as lubrication, and 
probably this is the reason why, after the coating spallation, the coefficient 
of friction fluctuated significantly but still remained low at 0.2 to 0.3 (see 
Fig. 15.9c). Figure 15.15 shows the worn surface of the CN film on nitrided 
Ti alloy revealing little spallation of the films occurring on the wear track. 
This indicates the good wear resistance of the duplex treated coating. 


15.4.2 Lubricated conditions 


Figures 15.16a and 15.10a show the coefficient of friction curves and wear 
rates for untreated Ti-6A1-4V samples under lubricated condition and different 
normal loads. The liquid used was synovial fluids, which contain albumin 
(11.3 g/L), a-globulin (1.26 g/L), y- globulin (3.06 g/L), hyaluronic acid (2 
g/L) and distilled water (Black, 1992). The long-term coefficient of friction 
remained stable at about 0.25—-0.35, and was much lower than that of Ti- 
6AI-4V under dry sliding conditions. The wear rates of untreated Ti-6A1-4V 
under lubricated conditions are lower than that under dry sliding conditions. 
Under the lubricated conditions, the dominant wear mechanism for untreated 
Ti-6AIl-4V substrate is abrasive wear (see Fig. 15.17). 

Figure 15.16b shows the coefficient of friction of plasma nitrided samples 
under different normal loads, lubricated with body fluids. The initial coefficient 
of friction was quite low, but after a short time sliding, the coefficient of 
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15.15 Surface morphology of wear track on a CNy film deposited on 
a plasma nitrided layer, showing the small spallation of the films 
occurring on wear track (Fu et a/., 2000d, with permission from 
Elsevier). 


friction increased rapidly to a high value, about 0.4. The higher the normal 
load, the earlier this sudden increase occurred. During the long term running, 
the coefficient of friction decreased gradually to a low value of 0.2. The 
significant increase in coefficient of friction was probably due to the abrasive 
wear caused by the rough nature of the plasma nitrided surface. The wear 
rates for the plasma nitrided surface under lubricated conditions were quite 
large compared with dry sliding conditions (see Fig. 15.10b), indicating 
significant abrasive wear due to the flowing away of lubricating wear debris 
with the body fluids (see Fig. 15.18). 

Figure 15.16c shows the coefficient of friction of CN, films deposited 
directly on Ti-6A1-4V substrate under lubricated condition with body fluids. 
The initial coefficient of friction was rather low (less than 0.1). However, 
after long-term sliding, the coefficient of friction suddenly jumped to a 
high value of 0.25-0.3, identical to that of the Ti-6A1-4V substrate under 
lubricated conditions. Observation of the wear tracks revealed a large-area 
of spallation of the CNy films and severe wear on the Ti-6A1-4V substrate 
(see Fig. 15.19). The corresponding wear rates were much higher than 
those of the CNy film under dry sliding conditions (see Fig. 15.10c). This 
is attributed to the removal of lubricated wear debris due to the flowing of 
fluids. 
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15.16 The coefficient of friction of different samples under lubricated 
sliding condition and different normal loads: (a) untreated Ti-6AI-4V; 

(b) plasma nitrided samples; (c) CN, film deposited on untreated Ti- 

6AI-4V; (d) CN, film deposited on plasma nitrided Ti-6AI-4V (Fu et al., 
2000d, with permission from Elsevier). 


© Woodhead Publishing Limited, 2010 


520 Surface engineering of light alloys 


Coefficient of friction 


0.00 | | | | | ! 
0 50 100 150 200 250 300 
Distance (m) 


(c) 


c 

2 

& 

= 

e 

ie) 

< 

oO 

3 

ce 

oO 

fe) 

O 0.05- 
——5N 
settee 10 N 
—20N 

TIT | 
0 50 100 150 200 250 300 
Distance (m) 
(d) 


15.16 Continued 


Figure 15.16d shows the variation of coefficient of friction of the duplex 
treated specimen under different normal loads and lubricated conditions 
with body fluids. The coefficient of friction of the duplex treated coatings 
was rather low and was stable (less than or near to 0.1). The wear rates of 
the duplex treated specimens under lubricated conditions were much higher 
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15.17 Abrasive wear on worn UHMWPE pins sliding with Ti-6AI-4V 
(Fu and Du, 2001, with permission from Elsevier). 


15.18 Abrasive wear and adhesive wear on worn Ti-6AI-4V under 
lubricated sliding conditions (Fu and Du, 2001, with permission from 
Elsevier). 
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15.19 Large-area spallation of a CN, film and severe wear on the 
Ti-6AI-4V substrate in the wear track deposited on an untreated Ti- 
6AI-4V substrate under lubricated conditions (Fu and Du, 2001, with 
permission from Elsevier). 


than that those under dry sliding conditions (see Fig. 15.10(d)). The reason 
is probably due to the flowing of the lubricant, which can carry away the 
lubricating wear debris and cause the wear of two counterfaces. Figure 15.20 
shows the surface morphology of the wear track under a normal load of 20 
N revealing minor wear on duplex treated coating. 


15.5 Erosion performance of duplex surface 
treatments 


Aircraft, rockets and other aeronautical engines are often subjected to severe 
erosion from sands, rains or other solid particles. Erosion by solid particles 
or raindrop impingement can cause the rapid degradation of mechanical 
properties and even catastrophic failure. Examples of the failure of components 
include the blades and discs of aircraft engine compressors, helicopter rotor 
blades, and valves, piping, etc. (Sundararajan and Roy, 1997). Most of these 
components are made of titanium alloys, which are notorious for their poor 
erosion and wear resistance (Yerramareddy and Bahadur, 1991). To design 
and use protective coatings or surface treatments that withstand solid particle 
erosion is thought to be the best approach to solve this problem. The duplex 
treated coating (CN,/plasma nitriding) can improve the erosion resistance of 
titanium substrates under a low particle impact velocity (Fu et al., 2000). It 
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15.20 Worn surface morphology of duplex treated specimen sliding 
with UHMWPE pins under a normal load of 20 N, revealing mild 
wear on duplex treated coating (Fu and Du, 2001, with permission 
from Elsevier). 


contains hard layers, able to resist the particle flux at low velocity. However, 
under a high particle velocity, the improvement of erosion resistance is not 
significant. For duplex treated coatings, micro-cracks propagating through the 
interface between the CNx film and the plasma nitrided layers are observed 
(Fu et al., 2000e). This crack deflection mechanism improves the impact 
resistance until the rupture of the coating occurs. The mechanism is only 
effective under low impact velocity of erodents; under high impact velocity, 
spallation of the CNx layer is significant, thus the erosion resistance is not 
good (Sue and Troue, 1988). 


15.6 Duplex surface treatment based on diamond- 
like carbon (DLC) or titanium nitride (TiN) films 
with plasma nitriding 


Duplex treatments consisting of nitriding followed by TiN, TiCN, or DLC 
films have been frequently reported as enhancing the tribological properties 
of Ti6Al4V (Ma et al., 2004; Kessler et al., 1998, 2002). As one example, 
shown in Fig. 15.21, an SEM micrograph reveals a clearly visible nitrided 
layer, separated from the titanium alloy substrate, and a uniform and dense 
layer of CVD TiCN coating which is deposited on the homogeneous thick 
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15.21 Microstructure of pressure nitrided and CVD-coated TiCN 
TiAI6V4 (Kessler et al., 1998). 


plasma nitrided layer (Kessler et al., 1998). Very good bonding without 
delamination was confirmed at the interface between the coating and the 
nitrided layer. 

The titanium alloy TiAl5Fe2.5, used for medical implants such as knee 
prostheses, has been duplex-treated by applying plasma-assisted CVD 
(PACVD) after plasma nitriding (Rie et al., 1995; Rie, 1999). Surface hardness 
for plasma-nitrided and duplex-treated TiAl5Fe2.5 is shown in Fig. 15.22. 
The hardness of the plasma nitrided Ti alloys is more than five times higher 
than that of the Ti substrate, while PACVD TiN film deposition on the nitride 
layer can further enhance this hardening effect (Rie 1999). The hardness of 
the duplex-treated coating is believed to be increased by the load-bearing 
capacity of the TiN coating. There is a significant improvement in the wear 
properties of the duplex treated samples compared to those of all the other 
samples. 

The commonly used hard coatings of DLC and TiN films are normally 
chemically inert and can provide good corrosion protection. When 
depositing the TiN coatings on the substrate surface, some defects, such 
as pores or cracks may occur, which leads to a pitting and delamination 
of the surface. Yilbas et al. (1995) conducted a study on the corrosion 
properties of TiN coated and nitrided Ti-6AI-4V alloy. They showed that 
TiN coating improved the corrosion properties, but nitriding made the 
corrosion resistance of the substrate worse. Some researchers (Khaleda et 
al., 2001, 2006) have investigated the corrosion properties of duplex-treated 
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15.22 Surface hardness of TiAI5Fe2.5 after plasma nitriding and 
duplex treatment (plasma nitriding and TiN film) (Rie, 1999, with 
permission from Elsevier). 


(TiN/nitrided) Ti-6AI-4V in NaCl solution. The duplex treated workpiece 
surface was more resistant to corrosion as compared to the TiN coated and 
untreated Ti alloy surfaces. 

Avelar-Batista et al. (2006) did work to improve the load bearing capacity 
of DLC coatings on Ti6A14V substrates and increase the wear resistance of 
this coating/substrate system by means of two surface treatments: (i) plasma 
nitriding of the titanium alloy and (ii) plasma-assisted PVD (PAPVD) coatings 
(TiN, CrN and CrAIN) as intermediate layers between the top DLC coating 
and the Ti6Al4V substrate. Combination of these two surface treatments 
(plasma nitriding and PAPVD coating) was also investigated, and was proven 
to be more effective in improving the adhesion, load-bearing capacity and 
wear resistance of hard DLC coatings on Ti6AI4V alloy (Avelar-Batista et 
al., 2006). The treatment combination provided hard and relatively deep 
sublayers (up to 16 um), and increased the load support for the top DLC 
coating, reducing the degree of plastic deformation of the underlying material. 
The multilayered DLC-CrN, which had the thickest PAPVD interlayer, 
had the highest load-bearing capability, whilst the multilayered DLC-TiN 
provided the lowest wear rates in pin-on-disc wear tests against a 100Cr6 
steel ball (Avelar-Batista et al., 2006). It appears that a balance between 
the wear resistance of modified sublayers (nitrided and PAPVD layers) and 
load-bearing capability will provide the best wear resistance. 

Plasma immersion ion implantation (PIII) has also been used to form a deep 
hardened nitride layer in the Ti alloys (Tendys et al., 1988). It circumvents the 
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line-of-sight restriction inherent to conventional beam-line ion implantation and 
eliminates complicated focusing elements in the instrument. It is capable of 
processing complex-shaped components such as artificial organs. To improve 
biocompatibility and tribological properties of titanium, Ti-O/Ti-N duplex 
coatings were fabricated on titanium alloys by metal plasma immersion ion 
implantation and reactive plasma nitriding/oxidation (Tendys et al., 1988). 
The purpose of the top Ti—O layer is to improve blood compatibility, and that 
of the Ti—N layer is to improve mechanical and tribological properties. The 
results reveal that the blood compatibility of the Ti-O/Ti-N duplex coatings 
is better than that of low-temperature isotropic pyrolytic carbon film. The 
semiconductor nature of non-stoichiometric titanium oxide is responsible 
for the observed improvement in blood compatibility. 

In order to further improve the duplex treatment effect, a hybrid or 
compositionally graded intermediate layer, Ti/TiN/TiCN/TiC has been proposed 
to eliminate interfacial cracking by homogenising the stress distribution 
(Korhonen and Harju, 2000; Zhang et al., 2008). A similar idea has been 
used to deposit an interlayer or buffer layer on the substrate for diamond 
film growth on the Ti alloys (Fu et al., 2000a; Fan et al., 1997; Wright et 
al., 1994). During diamond growth, rapid carbon diffusion in the titanium 
alloy reduced significantly the diamond nucleation rate. It is well known 
that hydrogen easily dissolves into Ti substrate to form titanium hydrides, 
which have a strong influence on the coarsening of microstructure and the 
significant deterioration of mechanical properties (Fu et al., 1999; Shih et 
al., 1988; Heinrich et al., 1996; Peng and Clyne, 1997). An interlayer on 
the Ti alloys is necessary: (i) to enhance the diamond nucleation rate; (ii) 
to minimize thermal and interfacial stresses; (iii) to provide an intermediate 
layer for bonding; (iv) to prevent the rapid diffusion of carbon atoms and 
increase the diamond nucleation and growth rate; (v) to prevent the hydrogen 
diffusion into the substrate and thereby prevent significant coarsening of the 
substrate microstructure and deterioration of mechanical properties. 

Plasma nitriding can effectively achieve (v), and because it can provide 
a diffusion-barrier layer for hydrogen and carbon atoms, it can be used as 
the first step for diamond deposition. On top of the plasma nitrided layer, 
plasma carbonitriding can provide a carbide layer, which serves as the 
precursor for the nucleation and growth of diamond crystals. A gradual 
structure design has been proposed: plasma nitrided layer, carbonitrided 
layer to diamond coating (i.e. an interlayer of Ti(N)/Ti.N/TiN/TiCN/TiC). 
This compositionally graded interlayer can eliminate interfacial cracking by 
homogenising the stress distribution, facilitating good bonding and improving 
the load bearing capacity (see Figures 15.23a and b), as well as promoting 
the diamond nucleation and growth (Sun et al., 2002). 
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15.23 Rockwell indentation morphology of (a) diamond coatings 
deposited with a H,/CHy, gas ratio of 196:4 and a plasma power 
of 0.8 kW for 12 hours; (b) diamond coatings deposited on pre- 
plasma nitriding/carbonitriding graded layer (Fu et al/., 2000a, with 
permission from Elsevier). 


15.7. Duplex surface coating with oxygen diffusion 
inlayer 


A dense natural oxide layer is normally found on Ti alloy surfaces. Recently, 
a boost diffusion oxidation (BDO) process has been used to acquire a deep 
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hardened case in Ti alloys (Dong and Li, 2000). The BDO process consists 
essentially of two steps: (i) titanium specimens are thermally oxidised in air; 
and (ii) the pre-oxidised specimens are further diffusion treated in vacuum. 
The BDO process can effectively harden a titanium surface to a depth of 
about 300 Um without evoking the inevitable scaling or oxide spallation 
associated with long-time oxidation at high temperatures. 

Duplex surface treatment combining the BDO treatment with carbon-based 
hard coatings (BDO/Cr-DLC) has been designed that can significantly improve 
the tribological properties of the Ti6AI4V titanium alloy and increase its 
load bearing capacity (Zhang et al., 2006) (see Fig. 15.24). The low friction 
of DLC could effectively reduce both the interface stress and the stresses 
near the surface. DLC coating is a unique material which has both a high 
hardness and an extremely low friction coefficient against most engineering 
materials. In the layered coating system, friction has significant effects on 
the stress distribution. The maximum Von Mises stress not only decreases 
in value but also moves inwards towards the substrate when the friction 
coefficient decreases; and the maximum shear stress at the interface also 
decreases with decreasing friction coefficient (Zhang et al., 2006). The graded 
BDO intermediate layers successfully facilitate a high level of adhesion and 
bonding strength between the coating and the substrate material. The deep 
case-hardened layer formed from BDO treatment provides a strong support 
to the carbon-based coating by suppressing plastic deformation. 

This novel duplex system, combining oxygen diffusion treatment with the 
DLC coating, possesses excellent load bearing capacity and good tribological 
properties. It has effectively extended the window of the design service 
conditions for titanium components, in terms of both high sliding/rolling 
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15.24 Load-bearing capacities of untreated and surface-treated 
TI6AI4V (G-iC is a name of Cr-DLC film) (Zhang et a/., 2006, with 
permission from Elsevier). 
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ratio and/or higher loads (Fig. 15.25), and it is thus seen as an important 
step towards titanium designer surfaces (Bell et al., 1998). This outstanding 
performance can be attributed to the optimised design of the duplex system. 
DLC is usually characterised by high levels of residual stress and poor 
adhesion when coated directly onto most engineering materials. These 
problems have been successfully addressed by adapting a graded intermediate 
layer between the DLC and the BDO treated sublayer. The compositionally 
graded intermediate layer eliminates interfacial cracking by homogenising 
the stress distribution. A significant improvement in load bearing capacity 
can be achieved only when the DLC coating is deposited on a deep hardened 
sublayer (about 300 mm) produced by the BDO treatment, thus mitigating 
against plastic deformation. 

In order to fully realise the potential of advanced duplex treatment, a 
contact mechanics model has been developed, based on modern theories 
of multi-layered surface contact, taking into account the multi-layered 
structure, real surface roughness and friction effects (Luo et al., 2006). 
Contact mechanics is concerned with the stresses and deformations that arise 
when the surfaces of two solid bodies are brought into contact (Johnson, 
1987). Contact parameters such as pressure, stress and deformation are of 
great importance in the study of the mechanisms of friction, wear, mixed 
lubrication, load bearing capacity and fatigue. In view of the difference in 
the elastic and plastic properties between the surface layers and substrate 
materials, traditional contact mechanics approaches based on homogeneous 
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15.25 The effect of duplex surface engineering extending the areas 
of application of TiGAI4V (Bell et a/., 1998, with permission from 
Elsevier). 
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materials cannot be directly applied to the design of layered surfaces. The 
finite/boundary method is the most popular traditional method due to its 
flexibility in treating complicated three dimensional (3D) component geometries 
and the ready availability of commercial finite/boundary analysis packages 
(Luo et al., 2006). However, for rough surface contact problems with many 
asperities of arbitrary shape, the requirement for a large number of mesh 
elements makes this approach unfeasible. The Fourier integral transform 
method is most suitable for modelling the line contact problem, such as 
surface-treated Ti alloy gears (Luo et al., 2006). 

Design of multi-layered surface systems refers to the design activities 
that are carried out to choose the optimal layered surface structures for 
a given service condition and environment through the application of 
contact mechanics and material strength theories in the context of technical 
availability of surface treatment processes and their cost effectiveness (Luo 
et al., 2006). An automatic search algorithm for the load bearing capacity 
of a surface engineering system has been incorporated into the existing 
Birmingham numerical model for the two-dimensional sliding contact of 
a cylinder. The model is then used in the design of surface engineered Ti 
gears against contact fatigue (Luo et al., 2006). For the three target racing 
car engine gears (alternator, pump and cam gears), it has been shown that 
the thermal oxidation (TO) treatment (which creates a relatively shallow 
surface hardened case) can provide sufficient load bearing capacity for the 
alternator and pump gears, while the relatively heavily loaded cam gear can 
be supported only by the duplex treatment of oxygen diffusion (OD) plus TO 
(which creates a much deeper surface hardened case). The evaluation cam rig 
tests showed good agreement with the model prediction, thus demonstrating 
the power of the predictive design methodology employed. These results 
prove the importance of the design of duplex surface engineering systems 
that involve the sequential application of two (or more) established surface 
technologies to produce a surface composite with combined properties 
which are unobtainable through any individual surface technology (Luo et 
al., 2006). 


15.8 Other duplex surface treatments for titanium 
alloys 


Surface treatment technologies with high energy beams (electron beam (EB) 
or laser beam (LB)) offer alternatives to the mostly used bulk heat-diffusion 
treatment. The energy deposition is precisely focused, so it is possible to exactly 
limit the heat treatment to highly-loaded areas and up to the depth where a 
transformation (hardening) is necessary. Therefore, the bulk materials are not 
heated up to critical temperatures, the thermal load of the overall component 
is minimized and thus distortion can also be avoided. The combination of 
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PVD hard protective coatings (based on Ti(C)N, TiAIN, Cr,N, and DLC) 
with electron beam surface hardening has been studied (Zenkera et al., 2007). 
It is not only the sequence of treatments (beam hardening before or after 
coating) which has a considerable influence on treatment results, but also 
the parameters of EB surface treatment (energy density distribution, speed 
of treatment, vacuum). 

A duplex method has been proposed in which Ti6Al4V alloy is first 
coated with aluminium and then subjected to a glow discharge treatment, 
producing a multi-component intermetallic TiAl layer with Al,O3 on the 
outer surface (Garbacz et al., 2008). Significant increase in wear resistance 
of the material after duplex treatment is caused by the presence of the 
Al,O3 on the surface. The presence of the intermetallic phases from the 
TiAl system is very important, because they ensure continuous changes 
in the mechanical properties when passing from the surface (Al,O3) to the 
substrate (Ti6A14V). The final surface layer has a diffusion layer which 
contains the Ti3Al + TiAl + TiAl; + Al,O3 phases. The intermetallic layers 
obtained substantially increase the surface hardness and improve the wear 
resistance of the Ti6AI4V titanium alloy in both the dry wear test and the 
wear test performed in a fluid (Garbacz et al., 2008). 

Chromium nitride films have high hardness and good corrosion resistance 
(Berg et al., 1996; Navinsek et al., 1995; Gautier et al., 1996; Zili and Patu, 
1992; Sugiyama et al., 1994). The thermal stability and corrosion resistance 
of CrN films are better than those of titanium nitride (TiN) films (Jensen et 
al., 1995). CrN films are usually in a low compressive stress state, whereas 
TiN films are generally in a high compressive stress state (Navinsek et al., 
1995) which limits the deposition of thick TiN films (Demaree ef al., 1996). 
CrN film usually has a good surface finish; however, for fretting wear, the 
smoother the surface, the poorer the fretting wear resistance. The hard and 
relatively brittle CrN film may have low fracture toughness, thus increasing 
the rate of wear particle formation. The wear debris becomes trapped between 
the contact area and will act as hard abrasive particles to promote fretting 
wear (Was et al., 1994). However, during fretting fatigue, the smooth surface 
will reduce the stress concentration and therefore reduce the possibility of 
the initiation of a fatigue crack. The residual compressive stresses in the CrN 
films enhance the fretting fatigue strength. The high hardness can prevent 
the formation of surface damage and thus can also reduce the occurrence of 
the surface cracks. 

A duplex treatment combining shot peening followed with a CrN film has 
been reported to prevent fretting wear and fretting fatigue of Ti alloys (Fu 
et al., 1998b). Shot peening can improve fretting wear and fretting fatigue 
resistance significantly. The reasons for the significant improvement in fretting 
wear resistance by using shot peening can be attributed to: (i) hardening 
of the surface; (ii) inducing a compressive residual stress; (iii) roughening 
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of the surface (Fair et al., 1984). The first two effects are better for the 
prolongation of the fatigue life, but a rough surface containing potential 
stress raisers is very dangerous in fatigue conditions (Fair et al., 1984). In 
the shot-peened specimen, the initiation of the cracks is often accelerated, 
and this can be attributed to: (i) surface damage, such as folds caused by 
shot-peening, leading to the initiation of fretting fatigue cracks (Leadbeater 
et al., 1988); Gi) working-hardening of the surface and the resultant reduction 
in the fracture toughness of surface material. The subsurface damage, which 
probably takes place at the sites of surface folding in as-peened specimens, 
provides sites for the initiation of fretting fatigue cracks and the paths for 
easy crack growth. 

A duplex treatment of Ti alloys has been applied: a shot peening process 
and an ion beam enhanced deposition (IBED) CrN film. For the specimens 
with IBED CrN film deposited on the shot-peened substrate, the fretting wear 
resistance can be increased and the coefficient of friction can be reduced. A 
much harder surface can improve the abrasive wear resistance and the CrN 
phase can improve the anti-corrosive and anti-oxidative resistance of the 
as-peened specimen. This kind of duplex treatment combines the benefits 
of the two surface engineering methods and shows the best performance in 
fretting wear and fatigue resistance (see Figures 15.26a and b) (Fu et al., 
1998b; Liu et al., 1999). 


15.9 Duplex surface treatment of aluminium (Al) 
alloys 


Aluminium alloys are the most widely used non-ferrous metals in engineering 
owing to their attractive properties, such as high strength-to-weight ratio, 
good ductility, good corrosion resistance, availability and low cost (King, 
1987). However, as has been discussed in Chapter 2, their applications have 
often been restricted because conventional Al alloys are soft and notorious 
for their poor wear resistance, such as high friction coefficient, serious wear 
and a tendency for cold-welding when sliding with other metals, especially 
steel (Subramanian, 1992). Aluminium alloys do not exhibit allotropic 
transformation as in iron and cobalt alloys, so there is little possibility of a 
martensitic transformation, and the hardening effects by conventional solid 
state treatments are very limited. In many cases, surface treatments and 
coatings are necessary to ensure optimum performance in service (Wernick 
and Sheasby, 1987). 

Previous coatings applied to aluminium alloys in traditional processes, 
such as hard anodising and thermal spraying, have suffered from low load 
support from the underlying material and/or insufficient adhesion, which 
reduces their durability (Wernick and Sheasby, 1987). Recently, many new 
methods have been proposed; for example, laser alloying, ion implantation, 
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15.26 Fretting resistance comparison of duplex treatment, shot 
peening and IBED CrN film with other types of surface treatment on 
Ti alloy substrate: (a) Fretting wear volume loss for different surface 
treatments under a normal load of 20 N and a slip amplitude of 50 
mm; (b) Improvement in fretting fatigue strength with the application 
of different surface treatments and thin films (Fu et a/., 1998b, with 
permission from Elsevier). 


PVD coatings, etc. (Fu and Batchelor, 1998a,b; Fu et al., 1998a; Gadow 
and Scherer, 2002; Katipelli et al., 2000; Liao et al., 2004b; Nayak and 
Dahotre, 2004). Duplex treatment by using two types of surface modification 
techniques has proved to be one of the best ways to prevent the wear and 
corrosion of Al alloys. 
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15.9.1 PEO based duplex treatment 


Anodic oxidation is an effective method of enhancing the wear resistance of 
aluminium alloy, e.g. an aluminium oxide coating of a few to several hundred 
micrometres thick can be formed to increase the hardness of the surface 
and improve the wear-resistant properties (Yerokhin et al., 1999). Recently, 
plasma electrolytic oxidation (PEO) has been developed as a cost-effective 
surface engineering process to provide thick and hard ceramic coatings with 
excellent surface load-bearing capacity on aluminium alloys (Yerokhin et 
al., 1999). PEO, also called micro-arc oxidation (MAO) (Sundararajan and 
Rama, 2003) is an unconventional plasma-—electrochemical treatment. It 
operates at potentials above the breakdown voltage (typically 400-600 V) 
of an original oxide film growing on the surface of a passivated metal anode 
dipped in an aqueous solution containing modifying elements (e.g. SiO) to 
be incorporated in the resulting coating (Yerokhin et al., 1998) (more details 
can be found in Chapters 5, 6 and 18). The relatively high conductivity of 
the Al,O3 coatings and the high frequency DC pulse power supply used 
to bias the target avoids charging-up and associated arcing damage of the 
substrates during deposition. 

However, for sliding wear applications, such ceramic oxide coatings 
often exhibit relatively high friction coefficients against many counterface 
materials. Coatings such as TiN are well known for providing surfaces 
with a high hardness. In practice they often exhibit poor performance under 
mechanical loading, since the coatings are usually too thin to protect the 
substrate from the contact conditions. These challenges can be overcome by a 
duplex process of PEO and arc ion plating (AIP) TiN film. The alumina layer 
AI,O3 is deposited on an Al alloy substrate (using PEO as a pre-treatment 
process) for load support, and on top of it a TiN hard coating is deposited 
(using AIP) for a low friction coefficient (Awad and Qian, 2006). The Al,O3 
intermediate layer is obviously beneficial in providing the load support 
essential for withstanding sliding wear at high contact loads. A hard and 
uniform TiN coating, with good adhesion and a low coefficient of friction, 
can successfully be deposited on top of the alumina intermediate layer to 
provide excellent load support. A duplex combination of PEO coating and 
TiN PVD coating represents a promising technique for surface modification 
of Al alloys for heavy surface load bearing application. 

As discussed above, PEO treatment can produce a layer of alumina film 
on the surface of the aluminium alloy. A hard and uniform tetrahedral 
amorphous carbon film (diamond-like carbon, DLC) was deposited on the 
top of the alumina layer of the 2024 aluminium alloy by a pulsed filtered 
cathodic vacuum arc (FCVA) deposition system with a metal vapour 
vacuum arc source (Wu et al., 2007). The test results suggested that the 
duplex DLC/A1,0; coating had good adhesion and a low friction coefficient, 
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which improved significantly the wear resistance of the aluminium alloy. An 
intermediate layer to provide improved load support is essential for practical 
applications of hard coatings such as DLC on Al-alloys. This benefit can be 
achieved by PEO prior to DLC coating, which can cost-effectively provide 
Al-alloys with a load-supporting oxide layer giving excellent mechanical 
properties and corrosion resistance. A low friction coefficient is usually 
required for sliding wear applications, and DLC coatings are a good choice 
for this purpose. 

Aluminium alloys are widely used in the aerospace and automotive industries 
in structural applications. Exploiting such environments often has inherent 
problems associated with corrosion. Frequently, because of environmental 
difficulties, aluminium components are treated with an anodising or similar 
process. PEO has benefits over conventional anodising in that it creates a 
thicker and harder oxide layer to act as a barrier to corrosion. However, PEO 
can have a detrimental effect on the fatigue behaviour of aluminium. The 
loss in fatigue life can be recovered, to a certain extent, by the application 
of a suitable surface cold-work process such as shot-peening, prior to PEO 
treatment. However, shot-peening is known in some cases to be detrimental 
to corrosion resistance, particularly if a ferrous peening media is used 
(Asquith et al., 2005, 2006). This is generally attributed to the transfer of 
iron between shot and work-piece during the peening process. A combination 
of shot-peening and PEO seems a good method for obtaining obtaining both 
corrosion and fatigue resistance. 

Figure 15.27 shows stress vs. life curves for four different specimen 
types. The as-received sample curve is shown as a benchmark and falls 
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15.27 Stress-life curves for four different surface conditions (AR: 
as-received, SP: shot-peened, PEO: plasma electrolyte deposition) 
(Asquith et a/., 2006, with permission from Elsevier). 
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approximately between the coated and peened-coated curves, but consistently 
below the shot-peened curve (Asquith et al., 2006). The curve for PEO- 
treated specimens is lowest; ~32% on average below the curve for as-received 
material. This can be explained by the tensile residual stress state at the 
coating/substrate interface. It has been suggested that this is the most likely 
region for crack initiation, and therefore a tensile residual stress field will help 
drive cracks and accelerate failure (Asquith et al., 2006). The shot-peened 
and coated specimens were consistently above the as-received baseline and 
were comparable to shot-peened only material in low cycle performance. 
The in-plane compressive residual stress field will assist crack tip closure 
and slow crack growth rates, thereby increasing fatigue life. Shot-peened 
specimens were significantly better under high cycle loading conditions. It 
is of significant interest that shot-peening increased the fatigue life of PEO- 
treated specimens by an average of 85% (Asquith et al., 2006). 

In Sun et al. (2001), the 2024 Al alloys was anodically oxidised and then 
coated with Rare Earth Metal Fluorinated Compound (REMF)—MoS,—Au 
nanocomposite film and Ti/Ag dual layer film, by rf-sputtering and multi-arc 
ion-plating, respectively. It is shown that duplex treatment, especially sputtered 
REMF-MoS,—Au nanocomposite film, can decrease the friction coefficient 
and improve the endurance life of 2024 Al in vacuum. The lubrication failure 
mechanism of the duplex treated 2024 Al is attributed to the generation of 
cracks in the anodic oxide coating induced by the normal load combined 
with friction force (shearing force) and the crack propagation mainly caused 
by friction force. However, since the friction of duplex treated films is much 
lower than that of PEO treated Al alloys, the crack propagation rate in the 
duplex films is much lower (Sun et al., 2001). 


15.9.2 Plasma nitriding-based duplex treatment 


The age hardening Al-alloy AIMgSi0.5 (AA 6060) was plasma nitrided and 
then precipitation hardened (Kessler et al., 1998). Plasma nitriding produces 
an AIN-layer, which is 4 mm thick, homogeneous and shows some cracks. 
This AIN-layer withstands post-solution annealing, quenching and ageing 
without any problems. The wear behaviour of the plasma nitrided and 
precipitation hardened Al-alloy tested against pins of steel (AISI 52100) 
is shown in Fig. 15.28. Plasma nitriding alone already enhances the wear 
resistance, but the highest wear resistance is found for the plasma nitrided 
and precipitation hardened state. This is due to the higher hardness of the 
precipitation hardened AlMgSi0.5, which causes a better load support for 
the AIN-layer. 

Improvement of fretting fatigue resistance of Al-7075 was studied using 
surface treatments including nitriding and titanium coating by hollow cathode 
discharge (HCD) and magnetron sputtering techniques (Majzoobi and Jaleh, 
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15.28 Wear of plasma nitrided and precipitation hardened Al-alloy 
AIMgSi0.5 (Kesseler et a/., 1998, with permission from Elsevier). 


2007). The surface nitriding reduces the fretting fatigue resistance of the Al 
alloys. Titanium coating, using HCD technique, may increase the fatigue life 
up to 85% at low working stresses, while at higher stresses the increase is 
not considerable. Titanium coating, using a magnetron sputtering technique, 
may increase the fatigue life up to 77% at low working stresses, while at 
higher stresses it gives rise to a reduction in fretting fatigue life. Duplex 
treatment including nitriding titanium coating by DC magnetron sputtering 
technique increases the fatigue life by up to 185% at low stresses and up to 
almost 60% at higher stresses (Majzoobi and Jaleh, 2007). Neither nitriding 
nor titanium coating could yield satisfactory improvement in the fretting 
fatigue response of AL7075-T6. Figure 15.29 shows the S—N curves for 
the duplex treatment of nitriding plus titanium ion coating and the single 
treatment, nitriding. From a comparison between the S—N curves for various 
surface modifications, it can be deduced that the duplex surface treatment of 
nitriding at low temperature plus titanium coating using magneto sputtering 
technique yields the best performance of AL7075-T6 against fretting fatigue 
damage. 

For aluminium alloys, the compact oxide layer on the surface is a strong 
barrier to the diffusion of nitrogen into the bulk material. It is impossible 
to produce aluminium nitride layers thicker than 1-3 um by conventional 
nitriding. To overcome these shortcomings, plasma-immersion ion implantation 
(PIII) can be used, since it allows implantation of nitrogen ions behind 
the surface oxide barrier. In the PHI processes, components to be treated 
are immersed in plasma. When high negative voltage (10-50 kV) pulses 
are repetitively applied to the target, ions from the plasma are accelerated 
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15.29 Comparison between the S-N curves for various surface 
modifications including: nitrided Al 7076-T6 alloy (at different 
temperatures); hollow cathode discharge gun (HCD) and magnetron 
sputtered (MG) Ti films (Majzoobi and Jaleh, 2007, with permission 
from Elsevier). 


towards the target and are implanted from all sides simultaneously. One 
of the main reasons for interest in PIII is the fact that it can be used as a 
hybrid treatment together with a diffusion process (Blawert and Mordike, 
1997). Due to the high-energy ion bombardment and sputtering of the Al 
alloy surface during the PIII process, appropriate conditions for an efficient 
subsequent nitrogen nitriding process can be created. Substantially thicker 
modified layers exhibiting superior wear resistance could be obtained by 
a combination of beam ion implantation and subsequent surface nitriding 
treatment for aluminium alloy 5052 (Kanno et al., 1991). The results have 
shown that PIII can provide effective surface property improvements for 
some materials, especially when used in combination with plasma nitriding 
at low pressure. This kind of hybrid treatment is achievable by using a high 
voltage pulser capable of feeding an offset negative DC bias together with 
the high voltage pulses. For Al alloys in which the formation of nitrides is 
not so straightforward, it should be highly efficient. 


15.9.3 Duplex treatment with other methods 


Energy beam surface treatment of Al alloys has been widely studied. The 
combination of a primary treatment of surface alloying with Si or Ni, 
followed by PVD ion plating has been studied on Al-Si alloys (Bell et 
al., 1990). An electron beam with a maximum power of 3 KW was used 
for surface alloying of Si and Ni. The resulting microstructures contained 
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primary silicon particles or nickel aluminide particles. The surface hardness 
was dramatically improved. Prior to the PVD ion plating, the electron beam 
alloyed Al alloys were ground flat, and then different types of films, Cr, 
Ni and Cu were deposited on the substrate. Hardness measurement results 
proved that the electron beam surface alloying increases the load bearing 
capacity of the subsequent PVD metallic layers. Wear tests showed that the 
duplex treatment outperformed the Ni-alloyed materials, and PVD coated 
materials. Therefore, laser and electron beam surface alloying can be used 
in duplex treatment to have good friction/wear resistant surface layers. The 
reasons for this improvement include (Bell et al., 1990): 


(i) Support of PVD coating; removing the effects of plastic deformation of 
the substrate from the wear process, plays a major role in the enhanced 
performance over the single PVD process. For the same load, the duplex 
treatment will therefore allow the PVD layer to wear more before 
collapse occurs, and provide effective protection at a higher load. 

(ii) The presence of the PVD layer at the surface provides protection for the 
beam alloyed substrate, and after the PVD layer has been removed, a 
more wear resistant surface exists, allowing a higher extended lifetime 
of the component. 

(iii) A change in the nature of the PVD coating/substrate interface will result. 
Enhanced adhesion between the surface coating and the substrate may 
be provided by a suitable chemical couple. 


Majzoobi and Jaleh (2007) investigated the improvement in fretting fatigue 
life of AL 7075-T6 by titanium surface coating using a magnetron sputtering 
technique and shot peening. They found that: (i) shot peening can increase 
the fatigue life up to 400%, (ii) the duplex treatment including titanium 
coating, using the magnetron sputtering technique plus shot peening, may 
increase the fatigue life of material up to 1000% for low working stresses, 
while this increase is not significant for higher working stresses. Majzoobi 
and Jaleh (2007) also studied the improvement of fretting fatigue life of AL 
7075-T6 by titanium surface coating using an ion beam enhanced deposition 
(IBED) technique and shot peening. From their experiments, they found that 
the duplex treatment including titanium coating, using IBED technique plus 
shot peening, may increase the fatigue life of the material by up to 45% 
for low working stresses, while it can reduce the fatigue life significantly 
at higher working stresses. 


15.10 Summary 


The development of the novel duplex system is a big step towards designing 
dynamically loaded titanium and aluminium engineering components 
under high loading and scratch conditions. The last twenty years have seen 
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the emergence of many new surface engineering technologies and many 
incremental improvements in traditional techniques for surface treatment, 
which have stimulated the emergence of the new multi-disciplinary subject 
of surface engineering. Although integrated duplex processes have the 
advantages of possibly better process control, simple logistics and better 
delivery time, they have an economic disadvantage. This potential, technically, 
economically, and environmentally, will be increasingly realised through the 
further development and widespread industrial acceptance of duplex surface 
engineering in the component design process. 
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Surface engineered light alloys for sports 
equipment 


J. CHEN, University of Birmingham, UK 


Abstract: The popularity of sports activities boosts the ever-increasing 
demands for improving sports equipment to meet various needs. There are 
two major methods of making advanced sports equipment — the application 
of advanced design and use of advanced materials. Light metals, aluminum, 
titanium and magnesium have been widely adopted in many sports activities 
because of their low density. However, these bulk light materials cannot 
possess all the combined desired attributes, especially their surface attributes, 
such as mechanical properties, wear resistance, corrosion resistance and 
aesthetic appearance. Therefore, surface engineering technologies have 
been used to satisfy the specific needs of advanced sports equipment. In 
this chapter, the application of surface engineered light alloys, aluminum, 
titanium and magnesium alloys, in various sports activities are introduced 
and discussed. 


Key words: light alloys, sports equipment, surface engineering. 


16.1 Introduction 


Sports activities not only improve our health but also increase the enjoyment 
and quality of our life. Obviously it has become a necessary part of our 
life. In the Beijing 2008 Olympic Games, a total of 11028 athletes from 
204 National Olympic Committees attended 302 different competitions 
in 28 sports, for example, football, triple jumping, 100 meter sprint, and 
cycling. The popularity of sports activities boosts the ever-increasing 
demands for improving sports equipment to meet different needs. Athletes 
desire advanced equipment that can improve their performance; beginners 
may wish to use their equipment more comfortably and easily; disabled 
people may hope to use assisted sports equipment to improve the quality 
of their life. 

The applications of new design and new materials are two major ways to 
make better sports equipment. In particular, the adoption of new materials 
and processing technologies plays an important role in the development of 
sports equipment. It may be because the use of advanced materials could 
bring a subsequent revolutionary change. Vaulting poles, as an example, were 
originally made from natural materials such as wood and bamboo, due to their 
light weight. The length of poles, however, was limited. The development of 
glass fiber composite poles in the 1960s enabled an appreciable improvement 
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in properties, such as strength, stiffness and density, corresponding to a step 
change in the world record (Jenkins, 2003). 

Light metals, aluminum, titanium and magnesium have been widely 
adopted for the production of sports equipments (Jenkins, 2003; Hanson, 1986; 
Liitjering and Williams, 2007; Friedrich and Mordike, 2006; Kleiner et al., 
2003; Foxall and Johnston, 1991). The property of lightness translates directly 
to material property enhancement for many products, since by far the greatest 
weight reduction is achieved by a decrease in density. Moreover, titanium 
and aluminum alloys show good corrosion resistance. These advantages are 
the main reasons why light metals are favored in many sporting fields, such 
as cycling, golfing, tennis, mountaineering, and motor racing. 

Besides these new materials, sports equipment manufacturers are also using 
more and more complex technologies to satisfy the needs of continuously 
developing diverse and professional sports activities. In most situations, bulk 
materials cannot possess all the combined desired properties, especially the 
surface properties. Surface engineering technologies have been successfully 
used in many engineering sectors. Thus, these technologies attract more 
and more attention. For example, the most general application of surface 
engineering technologies is conventional painting, which can provide not 
only aesthetic appearance but also various functional properties. 

Bicycle manufacturers started to use magnesium alloys to produce 
advanced bicycles owing to their low density and relative high strength-to- 
weight ratio. However, magnesium has a very high electro-negative potential, 
which results in the poor corrosion resistance (Friedrich and Mordike, 2006). 
Surface engineering technologies such as anodizing, ceramic conversion, 
vapor deposition, laser treatment, have been used to protect the surface. 

To clarify the importance of surface engineered light alloys, aluminum, 
titanium and magnesium alloys, in advanced sports equipments, this chapter 
introduces the status of the application of light alloys in sports products. 
Successful applications of advanced surface engineering technologies in 
improving the quality of sport products and enhancing sport performance 
are given in three major case studies; the first is concerned with the friction 
control of golf clubs, the second with surface engineered bicycles, and the 
last with ceramic conversional titanium components for motor sports. Finally, 
the prospects for the further application of surface engineering in sport are 
briefly discussed. 


16.2 Light alloys in sports equipment 


The term ‘light metals’ has traditionally been given to aluminum, titanium and 
magnesium because they are frequently used to reduce the weight of products. 
These three metals possess relative low densities, 1.7 g/cm> (magnesium), 
2.7 g/cm? (aluminum) and 4.5 g/cm? (titanium) when compared with 
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7.9 g/cm} and 8.9 g/cm? for the heavy structural materials, iron and copper 
(Rooy, 1990; Friedrich and Mordike, 2006; Liitjering and Williams, 2007). 
This is an obvious reason why light metals have been associated with 
transportation, notably aerospace, which has provided great stimulus to the 
development of light alloys during the last fifty years. 

In general, the strength of these light metals, especially, aluminum and 
magnesium, is less than that of steels as shown in Table 16.1. Therefore, the 
major objective in the design of alloys is to increase strength, hardness, and 
resistance to wear, creep, stress relaxation, and fatigue. Different combinations 
of alloying elements have been added to improve these properties. Their 
processing history, including solidification, thermomechanical history, heat 
treatment and cold working, can also be optimized to significantly improved 
their mechanical properties (Rooy, 1990; Friedrich and Mordike, 2006; 
Liitjering and Williams, 2007). 

Strength-to-weight ratios have been a dominant consideration and these 
are particularly important in engineering design when parameters such as 
stiffness or resistance to buckling are involved. As shown in Table 16.1, 
higher strength-to-weight ratios can be achieved with these light alloys 
than with steels. Thus, light alloys are favored by racing car manufacturers 
because the weight of the car may be significantly reduced without losing 


Table 16.1 Tensile strength and strength-to-weight ratios of light metals and their 
alloys 


Materials Tensile strength Strength- 


(MPa) weight 
Aluminum 99.99% sheet, fully soft 55 (Brandes and Brook, 1992) ~20 
annealed 
Magnesium, 99.9% sheet, annealed 185 (Brandes and Brook, 1992) ~110 
Titanium Commercially pure 552 (Destefani, 1990) ~120 
(grade 2), casting, 
Steel 0.1 carbon, BS 055M15, 310 (Brandes and Brook, 1992) ~40 


rolled 0.38 carbon, BS 790 (Brandes and Brook, 1992) ~100 
MOM36, hardened and 
tempered 

Al alloy A02010, solution heat 485 (Kearney, 1990) ~180 
treated and artificially 
aged (T6) 
A07005, solution heat 317 (Kearney, 1990) ~117 
treated and artificially 
aged (T6) 

Ti alloy Ti-6AI-4V, annealed 930 (Eylon et al., 1990) ~200 


Mg alloy Mg-Zn AZ63A 275 (Housh and Mikucki, 1990) ~160 
solution heat treated 
and artificially aged 
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mechanical properties. In the following sections, the applications of light 
alloys in various sports fields will be introduced. 


16.2.1 Cycling 


Interest in reducing the weight of competition bicycles originated in the 
thought that the weight of the bicycles can influence the performance of 
racing cyclists. Generally, it is believed that the less weight, the better the 
performance (Buchanan, 2003; Brown, 2008; Jenkins, 2003). In practice, 
bicycle manufacturers even consider that parts that give reliable service 
might be ‘overbuilt’, and redesign these to save a few grams. 

The major part of a bicycle is the frame, which is usually made from one 
of five different materials: steel, aluminum, titanium, carbon composite or 
magnesium (Brown, 2008; Jenkins, 2003). High-strength steel is the most 
traditional frame material. Steel frames generally are heavier than those made 
from the other four materials. To reduce their weight, large diameter thin-wall 
tubing design has been adopted to build the frames (Jenkins, 2003). In theory, 
by significantly increasing the tube size and reducing the wall thickness, a 
much lighter frame can be obtained. However, this is not practical because 
of two reasons. Firstly, the thinner the walls of the tubing, the more difficult 
it is to make a good joint. This is the reason for butting tubes; the walls 
get thicker near the ends, where the tubes come together with other tubes. 
In addition, if the walls get too thin, the tubes become too easy to bend, 
and connection points for bottle cages, cable stops, shifter bosses and the 
like have inadequate support. Therefore, light materials such as aluminum 
alloys, titanium alloys, carbon fiber and magnesium alloys are used in their 
production. In this section this application is briefly introduced. 


Aluminum alloys 


In pure form, aluminum is so soft that it cannot be used as a structural part. 
To increase its strength and other mechanical properties, it is normal to add 
various alloying elements and apply sequential heat treatments. Aluminum 
alloy 6061 and alloys of the 7000 series are most commonly used in the 
production of bicycle frames (Easton Sports). The 6061 aluminum alloy (Al- 
Mg-Si) contains 0.8—1.2Mg, 0.4—0.8Si and 0.15-0.4Cu (wt%). It shows good 
corrosion resistance, strength and weldability (Kearney, 1990). The 7000 
series alloys (Al-Zn-Mg-(Cu)) have the highest strength of all aluminum 
alloys. The 7005 Al-4.0-5.0Zn-1.0-1.8Mg) and 7075 (Al-5.1-6.1Zn-2.1- 
2.9Mg-(1.2-2.0Cu)) alloys are used to produce frames. 7075 aluminum alloy 
is also widely used in the aero industry. 

Normally, these aluminum alloys need proper heat treatment after welding 
to achieve good mechanical properties. Age hardening is used to form hard 
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precipitates to increase their strength. For example, the strength of the 6061 
aluminum alloy can be increased by two to five times using T6 heat treatment 
(solution plus artificial aging) (Kearney, 1990). As mentioned earlier, 
another benefit arising from aluminum frames is good corrosion resistance. 
Once exposed to air, aluminum is readily oxidized to form a dense and thin 
aluminum oxide surface film. Such a film is a barrier to further oxidation. 

In order to reduce the stiffness of aluminum frames, new designs have 
also been explored, such as increasing the tube wall thickness or changing 
the shape of the cross-over tube. 


Titanium alloys 


In the 1960s, titanium alloys were firstly used to make bicycle frames in the 
United States. The most commonly used titanium alloy is Ti-6Al-4V, which 
possesses low density and good strength, which can reach 1160 MPa after 
aging treatment (Eylon et al., 1990), good fatigue strength and excellent 
corrosion resistance. Wheelchairs using titanium tubing can also be found in 
the market for people with disability. This is attributed not only to its light 
weight but also good shock absorbing ability. However, titanium alloys are 
expensive due to the difficulty in extracting titanium from its ore. Moreover, 
titanium welding requires an inert atmosphere because of its strong affinity 
to oxygen. Thus, the cost of titanium products is significantly higher than 
that of aluminum alloys, magnesium alloys and steels (Eylon et al., 1990). 

It is believed by many cyclists that bicycle frames made from aluminum 
and titanium alloys are not rigid enough because of their lower stiffness 
than steel. However, Ian Buchanan has tested the torsion stiffness of the rear 
triangle and vertical frame compliance of various common frame designs 
(Buchanan, 2003) and found that these properties are decided by the size, 
shape and wall thickness of the tubing used, and the manufacturing technique, 
rather than the materials themselves. 


Magnesium alloys 


The density of magnesium is as low as 1.74 g/cm, about 1/5 that of iron, 
2/3 that of aluminum and 2/5 that of titanium. The strength-to-weight ratios 
of magnesium alloys are normally higher than those of aluminum alloys. 
Therefore, it is possible to produce lightweight frames using magnesium alloys. 
Moreover, their excellent anti-shock property is better than those of aluminum 
alloys and titanium alloys. From the environmental angle, magnesium alloys 
are easy to be recycled and are so called “green materials’. 

The main concerns using magnesium alloys are their low stiffness and 
poor corrosion resistance. To address the first concern, new designs and 
alloys are used; for example, the wall thickness of the tubes is increased 
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so as to improve stiffness. Regarding the corrosion resistance, magnesium 
is very active, reacting with oxygen in the air. Magnesium cannot be used 
in its pure form. However, by adding aluminum, zinc, manganese, etc., its 
corrosion resistance can be greatly improved. At the same time, its strength 
and mechanical properties can also be enhanced. 

As described above, the frame is the largest part of a bicycle. Light 
materials are successfully used to produce frames that reduce the weight of 
bicycles. There are also other parts made from light materials, for example, 
gears, steering bars, seat posts, wheels, chains, bearings and cranks. The 
successful adoption of light materials has boosted cycling as a sport. 


16:2:2 Golt 


Despite the apparent ‘simple’ goal of hitting the golf ball into the hole using 
as few strokes as possible, much work has been carried out to improve golf 
clubs to realize this objective. Golf clubs are expected to be able to carry 
out many different functions, depending on the circumstances, ranging from 
driving the ball as far as possible from the tee to much more controlled shots 
on the putting green. According to its function, the golf club head can be 
briefly divided into five categories: 


(i) drivers (very long shots from the tee) 
(ii) fairway woods (controlled long-distance shots) 
(iii) irons (for medium distance and accuracy) 
(iv) wedges (short-distance shots from sand and/or deep rough) 
(v) putters (getting the ball into the hole from the green) 


Although there are many kinds of golf clubs, they are basically composed 
of a shaft, a lance (grip) and a club head, which is the part hitting the 
ball. Due to the limitations of materials and processing technologies, the 
traditional club head was made from persimmon wood. In order to keep 
a good balance, the weight of club head is normally limited to 185 ~ 205 
gram (Cochran and Stobbs, 2005). For a solid club head, the size has to 
be limited resulting in the difficulty in hitting the small sweet spot. With 
the development of materials and processing methods, high strength steels, 
aluminum alloys, titanium alloys, zirconium alloys and composites are 
successfully used in producing golf clubs (Jenkins, 2003). Especially, the 
introduction of light alloys with a hollow design allows manufacturers to 
produce lightweight club heads with larger sizes, as shown in Fig. 16.1. 
These over-sized metallic club heads can allow less skillful players to make 
a greater swing. 

Commercially, pure titanium cannot be used for golf club heads because 
of its lower strength necessitating a thicker (hitting) face. The major titanium 
alloy ‘woods’ are made from Ti-6A1-4V, using casting approaches such as 
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16.1 Traditional wooden driver (top left); 2001 titanium-based alloy 
driver (top right) and section through traditional wooden driver 
(bottom) showing plastic insert in face (Jenkins, 2003). 


centrifugal- and static-casting techniques. There are a few other alloys being 
used, including Ti-3 Al-2.5V and the beta alloy Ti-15V-3Cr-3Sn-3Al (Froes, 
1999). 

With respect to the kinetics, the energy of the ball is transferred from 
the surface of the club heads, thus the strength, elasticity and friction of the 
surface can significantly affect the speed and spin of the ball. In theory, the 
interactive surface should be as thin as possible to limit the deformation 
of the ball, which can cause loss of kinetic energy. For Ti-6AI-4V, a 3.8 
mm face thickness is needed for drivers and fairway woods, because of 
the level of the impact force on the club face (Froes, 1999). Although club 
designers would like to go even thinner, the yield stress (o,) is required to 
be high to minimize the risk of plastic deformation during use. The elastic 
modulus (E) should be low to maximize elastic deformation energy. Thus, 
from a materials point of view, club head materials can be evaluated by the 
performance index, o,/E (Jenkins, 2003). As shown in Fig. 16.2, Ti alloys 
have the highest o,/E followed by steels and finally age-hardening Al-based 
alloys. 


16.2.3 Motor sports 


As is well known, light weight is one of the key factors in deciding 
the performance of racing cars. For example, the acceleration of cars is 
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16.2 Plot of hardness vs. E for head materials (Jenkins, 2003). 


proportional to the ratio of power-to-weight. Thus, light and strong materials 
are preferred for producing various parts of racing cars. Titanium and its 
alloys possess a high strength-to-weight ratio and thus are increasingly 
used in the construction of motor engines. Currently, titanium alloys have 
replaced steel for many components, including wheel hubs, roll-over hoops, 
suspension assemblies, engine mounting brackets, drive shafts, pedals, and 
fasteners (Yamada, 1996; Hanson, 1986). Aluminum alloys are also popular 
in construction of the racing engine. For Formula 1 racing car engines, the 
crankcase and cylinder block are regulated to be made of cast or wrought 
aluminum alloys (l’ Automobile, 2005). 

From another angle, the reduction of reciprocating or rotating parts in the 
engine can improve the performance of racing cars and reduce lap times due 
to better efficiency (Taylor, 1998). Research work shows that lower valve 
spring loads can be used with lighter weight TiAl valve train components, 
thus reducing noise and friction, enhancing fuel economy and increasing the 
upper limit of the engine speed (Badami and Marino, 2006; Jenkins, 2003). 
Besides the valve trains, titanium alloys are also used for such components 
as connection rods, crank shafts and springs. 


16.2.4 Other sports 


Tennis rackets were initially made from wood. To increase the shear and 
fatigue strength and the ability to produce complex profiled frames, metal was 
gradually introduced. Aluminum alloy 6061 has been successfully accepted 
by players because the desired characteristics can be produced after specific 
heat treatments (Jenkins, 2003). Though the current market, especially the 
high quality market, is dominated by composite rackets, aluminum 6061 
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is still used for low-cost rackets that fill and hold an important position in 
the market. 

Mountaineering amateurs have also benefited from the adoption of 
light alloys. Lightweight equipment can be produced using a combination 
of low-density materials and design. Karabiners are metal loops with a 
sprung or screwed gate which is extensively used in linking components 
of mountaineering systems. The majority of karabiners are made from T6 
tempered (solution treated and then artificially aged) 7075 aluminum alloy. 
Aluminum alloys are also widely used in belays, camming devices and ice 
tools (Jenkins, 2003). 

Light alloys, e.g. titanium alloys, began to be used in self-contained 
underwater breathing apparatus (SCUBA) owing to its light weight, high 
strength, good corrosion resistance against sea water and bio-compatibility 
(Maberry, 2000). Aerodynamic javelins use aluminum alloy for their 
construction to modify shape and weight distribution. In archery, the manner 
in which an arrow is constructed is one factor affecting the accuracy to which 
it can be shot. Aluminum arrows are considered to be the best for accuracy 
(Reilly and Lees, 1984). 

In summary, light alloys have been widely used in sports equipment to 
improve performance, enjoyment, durability and safety. With the popularity of 
sporting activities in human society, more and more can benefit by adopting 
light alloys and innovative designs. However, as discussed in other chapters 
of this book, the surface properties, in terms of corrosion and wear resistance, 
need to be significantly enhanced to meet ever-increasing performance 
requirements. 


16.3. Surface engineering in sports equipment 


As described, sports equipment has been improved by the adoption of new 
design innovations. Meanwhile, efforts have also been devoted to enhancing 
the performance and the equipment life by adopting advanced surface 
engineering technologies. Surface engineering, a term originally coined by 
Bell, circa 1983 (Tyrkiel and Dearnley, 1995), involves the application of 
traditional and innovative surface technologies to engineer components and 
materials in order to produce a combined material with properties unattainable 
in either the base or surface materials. Widely speaking, surface engineering 
can be applied to all kinds of sports materials to enhance the surface physical, 
chemical and mechanical properties, or bring other desired functions such 
as bio-compability, or magnetic and electrical properties. 

Currently, surface engineering involves a wide-range of technologies, 
which can be grouped into two broad categories: surface coatings and 
surface modifications. The desired coatings can be obtained by various 
surface coating processes which are generally divided into electrochemical, 
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chemical, spraying, welding, physical vapor deposition (PVD) and chemical 
vapor deposition (CVD) coatings. Compared to surface coatings, surface 
modification methods rely on the direct transformation of the surface 
using thermal, mechanical, physical and chemical methods (Grube, 1991). 
There are four main surface modification techniques — thermal hardening, 
mechanical working, ion implantation and thermo-chemical treatments. It is 
also common to combine two or more techniques from the surface coatings 
and/or modifications, to obtain properties that are unattainable from the 
individual technique. These combined surface engineering technologies are 
called duplex or multiple surface treatments. Because the principles and the 
applications of these surface engineering technologies have been discussed 
in other chapters, readers can refer to the relevant chapters for more detailed 
information about them. 

As discussed in previous chapters, the surface properties of light alloys 
often do not meet the requirements for sports applications. For example, the 
surfaces of the light alloys are normally easily scratched, and magnesium alloys 
corrode in many environments. Various surface engineering technologies, 
e.g. from conventional painting to advanced physical vapor deposited 
coatings, have been used in sports equipment. The adoption of advanced 
surface engineering technologies can provide more solutions and encourage 
novel designs for current sports equipment. In the following sections, three 
application cases, surface engineered bicycle frames, golf club heads and 
racing car engine valves, will be discussed. 


16.3.1 The bicycle 


A frame is one of the most important parts of a bicycle. As described in 
Section 16.2.1, five types of materials, namely steels, aluminum alloys, 
titanium alloys, carbon composites and magnesium alloys, are widely 
adopted for the manufacture of bicycle frames. Four metal materials will be 
discussed. Carbon composites are also widely used, but are not in the scope 
of this particular study. 

Notwithstanding, light alloys normally have lower strength compared 
to steel, manufacturers have used various designs, such as big thin wall 
tube, to address this problem. These designs can successfully provide light 
bicycle frames with enough strength, and they are currently widely adopted 
by manufacturers. Unfortunately, abrasion wear resistance of the surface 
of these light alloys cannot be satisfied by manufacturers and users. For 
example, titanium, claimed as “the metal of the gods’ for bicycle application 
(Jenkins, 2003), is also characterized by its poor tribological behavior, in 
terms of high and unstable friction due to the low shear strength caused 
by the low c/a ratio as a hexagonal close-packed metal, abrasive wear due 
to the low hardness, and also severe adhesive wear and strong tendency to 
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scuffing (Jenkins, 2003; Bloyce et al., 1994). For aluminum and magnesium 
alloys, the wear resistance of the surface is also not as good as expected. 
Once scratched and damaged on the surface, the bicycles not only lose their 
aesthetic appearance, but also their fatigue strength and corrosion resistance, 
due to the introduction of these flaws. 

To protect the surface from wear, various solutions have been used, such 
as painting, powder coating, plating, or anodizing. Possibly, painting is the 
most widely used method for decorative, protective, and functional purposes. 
The main advantages of painting over other processes are two fold. Firstly, 
the cost of the painting process and investment in equipment are much lower 
than the others. Secondly, a wide range of paints are available to satisfy 
different needs. When selecting a paint system, many factors concerning 
the service environment must be considered, such as pre-treatment and the 
painting method. Most paints, also called organic coatings, are based on a 
film-former or binder that is dissolved or dispersed in a solvent or water. 
According to their specific applications, various substances can be added into 
the film-forming liquid to provide not only aesthetic appearance, but also 
specific properties, such as mechanical properties, corrosion resistance, and/ 
or resistance to heat, cold, sunlight and weathering. Prior to painting, proper 
surface preparation is required to remove all contamination, which can either 
interfere with the adhesion of the paint film or allow corrosion to progress 
beneath the paint film and cause it to fail prematurely. Combined mechanical 
cleaning and chemical cleaning methods are normally used. Commonly used 
mechanical cleaning methods include power brushing, grinding, and abrasive 
blasting. Chemical cleaning methods include emulsion cleaning, solvent 
cleaning, vapor degreasing, alkaline cleaning, acid cleaning, pickling, and 
steam cleaning. When a clean surface is obtained, a subsequent pre-painting 
treatment, including phosphate coatings and organic pretreatments is generally 
used to improve paint adhesion and reduce corrosion. 

Various painting methods are used to paint bicycle parts, such as 
spraying, powder coating, dip painting, flow coating, roller coating, curtain 
coating, tumble coating and electrocoating (Gossner and Tator, 1994). In 
industry, quality control is routinely undertaken to ensure that the produced 
coatings maintain satisfactory application properties, appearance, stability 
and performance characteristics. Quality control includes a number of tests 
including color, abrasion resistance, blistering, environmental tests, film 
thickness, hardness and impact tests. 

Besides painting, another important surface technology is to form oxide 
layers using anodizing on titanium, aluminum and magnesium alloys 
(Stevenson, 1994). The intrinsic ceramic nature of oxides has much higher 
hardness and chemical inertness than the original metal, resulting in excellent 
abrasion resistance and corrosion resistance. It can also realize control of the 
color of the surface layer by controlling the thickness of the oxide layers. 
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Another advantage of anodizing is to provide a good substrate for subsequent 
painting by improving the surface adhesion. 

Recently, magnesium, has attracted more and more interest from bicycle 
manufacturers. Compared with magnesium, titanium alloys are limited by 
their high costs, due to difficulties in refining, machining, welding, heat- 
treatment, etc. (Jenkins, 2003). Magnesium also possesses the lower density 
and elastic modulus, which enables the production of a lighter bicycle, with 
better damping behavior than aluminum. Therefore, larger tubes for bicycle 
frames can be produced with better resistance to non-axial loads without any 
increase in weight. A magnesium tube with a 60 mm diameter and a wall 
thickness of 2.5 mm weighs no more than an aluminum tube of only 50 mm 
diameter, and a wall thickness of 1.95 mm. The abundance of magnesium, 
a low and stable price, and security of supplies also encourage industry to 
adopt magnesium and its alloys in various products. 

However, the major problems in using magnesium and its alloys are that 
they are very susceptible to corrosion and abrasion; and they are notoriously 
difficult to paint. Thus it is important to modify their surface to satisfy 
the application requirements, such as appearance and corrosion resistance. 
Anodizing has also proved its success in improving the surface of magnesium 
alloys (see Chapter 4). Especially, based on anodizing, a new technology 
called plasma electrolytic oxidation (PEO) has been developed (see Chapters 
5 and 6). 

It has been reported that a Keronite (PEO) treated surface of magnesium 
AZ91 alloy can obtain a hardness of over 700 HV (Keronite Ltd, 2004), 
which is harder than most anodized aluminum alloys. The wear resistance 
can be improved to twenty times more than that of untreated magnesium in a 
two-body abrasive wear test. Moreover, the friction coefficient can be reduced 
to less than 0.15 with a polishing process. This coating is corrosion resistant 
in various media and also has decorative attractiveness in the colors of the 
coatings. In the bicycle market, early adopters of this technology will benefit 
most from the novelty value of magnesium, whilst the more adventurous 
cyclists can enjoy a smooth ride on the most lightweight of materials. 

In summary, the adoption of light metals in bicycles is demanded by 
ever-increasing needs for improving the performance and enjoyment during 
cycling. However, the use of these light alloys is limited by some surface 
problems such as poor wear and corrosion resistance, which can be addressed 
by advanced surface engineering technologies. 


16.3.2 Golf club heads 


As discussed previously, various types of golf clubs are used by players of 
the game. Drivers are used to drive the ball as far as possible, while putters 
are designed to control the ball better. It is obvious that these clubs are made 
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with different designs and materials. One of the most important differences 
is the material used for the actual club head. When choosing the materials 
for the club head, many properties need to be considered, such as strength, 
weight, elastic modulus and friction force. 

In golf theory and practice, the friction between the hitting surface and 
the ball, play an important role because it can significantly affect the spin 
rate of the ball (Jenkins, 2003). Low friction force is favored for drivers in 
order to reduce the loss of energy due to the spin of the ball. As a result, the 
ball can reach a higher speed and a longer flight distance. However, a strike 
on the green requires better control, which can be achieved by creating the 
desired back-spin on the ball. In general, the higher the friction force, the 
better the controlling ability. Thus, a constant and high friction surface is 
designed for clubs such as putters. 

Surface engineering is very attractive for obtaining a particular desired 
surface on the club head, with a suitable friction coefficient. For low-friction 
golf club faces, the traditional method is to apply a lubricant coating (a 
mixture of silicone, PTFE, waxes and water-based lubricants) to the surface 
of the club head prior to hitting (Jenkins, 2003). This is simple, low-cost 
and very flexible. However, the lubricants can pass onto the golf ball, thus 
causing the ball to fly unevenly through the air. It is also inconvenient to 
apply a liquid lubricant prior to a shot and have to remove it afterwards. 

Another surface engineering technology, physical vapor deposition (PVD), 
can be used to coat the club heads with permanent low-friction coatings. A 
hard and low-friction titanium nitride coating is cast onto golf club heads 
made of 316 austenitic stainless steel (Buettner, 1996) using conventional 
PVD. The titanium nitride coating provides a very hard (1500-2000 HV), 
low-friction and wear resistant surface to the club head. The high wear- 
resistance enables the corner of the grooves in the hitting surface to remain 
sharp, thus maintaining driving power imparted to a golf ball during extended 
use. Besides ceramic nitride coatings, a diamond-like coating (DLC) can also 
be adopted on the surface of a club head. A US patent has been granted to 
Lin et al., which discloses a PVD technique used to apply DLC on golf club 
heads (Lin et al., 2002). These DLC coatings show a much lower friction 
coefficient (between 0.05~0.10) than TiN coatings. Moreover, the hardness 
of the DLC coatings can reach 3000~4000 HV, which can confer a much 
better scratch resistance to the coatings. After using the DLC-coated clubs, 
most golfers feel that their golf performance, in particular, their driving 
distance (due, in part, to a lesser degree of hooking or slicing) had noticeably 
improved. 

For high-friction golf club faces, the traditionally used surface engineering 
technology is sand or bead blasting to increase surface roughness and thus 
surface friction. However, the durability of the treated surface is poor due to 
the wear caused by the impact and sliding of the golf ball. To address this 
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problem, the popular way is to use a high-friction wear-resistant insert. For 
example, the irons and wedges made by Carbite Golf use inserts made from 
fine titanium powders and diamond particles, using a powder metallurgy 
process. During the lifespan of the club, the insert maintains a high level of 
surface roughness, since a fresh playing surface is continually uncovered. 
In addition to irons and wedges, a series of high-friction surface ‘woods’ 
have been developed to achieve good spin control resulting in straighter and 
softer landing shots by Carbite Golf and Gyrosevon. 

In summary, advanced surface engineering technologies can produce 
titanium club heads with optimal friction, which is required by golfers with 
various abilities to enhance performance. 


16.3.3 Motor sport engines 


As discussed in Section 16.2.3, titanium and aluminum alloys are widely used 
in the construction of racing engines. However, these alloys are characterized 
by poor tribological properties, and require surface treatment. Two case 
studies are presented as follows: 


Ceramic conversion of TiAl valves 


In engines, valve train systems reciprocate and control the gas and fuel flow 
into and out of the cylinders to facilitate combustion. When lighter weight 
valves train components are used, the engine performance can be improved 
by the reduced noise and friction. Klause (Gebauer, 2006) demonstrated that 
the required cam torque is clearly reduced by using lightweight valves, in 
particular, when the cam rotation speed is less than 2000 rpm. 

Titanium-based alloys are gradually replacing steel in high performance 
automobiles, such as racing cars and motorcycles (Badami and Marino, 
2006). Gamma titanium aluminide (TiAl) based alloys have a low density 
(3.84.0 g/cm?), which is about half that of steel. These alloys possess good 
high-temperature strength, modulus retention and excellent creep properties. 
They also show good oxidation resistance below 700°C. As engines for 
better efficiency need to run at higher temperatures and speeds, TiAl is a 
good candidate material for engine valves. However, the wear resistance of 
TiAl is a major concern for such applications. 

The valves need not only precision machining, but also require different 
properties in different areas. Figure 16.3 (Gebauer, 2006) shows a typical 
valve design and the specific requirements for its properties. It is clear that 
the stem end, stem and seat need high wear-resistance when used in high 
performance engines. Considering the size of these areas, the stem end suffers 
the highest stresses due to its small area. When the hydrodynamics are not 
fully developed during operation, wear can happen in a short time. Various 
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16.3 Valve design and characteristic areas (Gebauer, 2006). 


surface engineering technologies, nitriding, carburizing, PVD coatings and 
laser treatments, have been investigated in attempts to satisfy these needs 
(Zhecheva et al., 2005; Hauert, 2004). Although these coatings have proven 
to be successful in cutting-tools, they cannot protect the TiAl valves because, 
under the high load, catastrophically premature failure occurs to the thin, 
hard but brittle coatings. These phenomena can resemble the so-called “thin- 
ice effect’ (Fig. 16.4) (Jenkins, 2003), when the soft substrate plastically 
deforms under the applied load. To address this problem, a ceramic conversion 
treatment has been successfully developed (see Chapter 14). The surface 
layer consists of a hard rutile TiO, and an oxygen diffusion zone. After 600 
hours testing, no significant wear could be observed at the valve tip. 


Thermal spray for aluminum engine blocks 


During the operation of engines, hard carbon particles form due to inefficient 
fuel combustion and accumulate on the piston top rings. Because of the low 
hardness and poor wear properties of aluminum alloys (see Chapter 2), the 
surface can undergo liner wear, resulting in excessive oil consumption, ring 
and bore scuffing and seizure. 

Advanced plasma sprayed coatings (Chapter 7) have been successfully 
developed to address this problem. According to the specific requirements 
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16.4 Schematic of ‘ice effect’ (Jenkins, 2003). 


Table 16.2 Coating materials deposited by plasma spraying (Barbezat, 2005) 


Coating type Hardness/ Microstructure 
HV0.3 
A: Carbon steel with solid lubricant 400 Ferrite with fine iron carbides and 
wustite and magnetite FeO (wustite) and Fe30, 
(magnetite) 
B: Composite of carbon tool steel 400 Ferrite with fine iron carbides and 
and molybdenum isolate phase of molybdenum. 
Low level of iron oxides 
C: Corrosion resistant steel 350 lron with fine carbides and some 
(Cr and Mo alloyed) oxides 
D: Metal matrix composite 450 Material A with addition of about 
(MMC, Type 1) 20% discrete particles of ceramic 
E: Metal matrix composite 400 Material C with addition of about 
(MMC, Type 2) 20% discrete particles of ceramic 


of the engines, various sprayed coatings can be applied, as shown in Table 
16.2 (Barbezat, 2005). For example, the coating with discrete particles can 
be used for highly loaded diesel engines because these particles can increase 
compressive strength and wear resistance. A typical microstructure of the 
metal matrix composite (MMC) materials developed by Sulzer Metco is 
shown in Fig. 16.5 (Ernst and Barbezat, 2008). This coating has been tested at 
AVL Austria in a four cylinder diesel engine (50 kW/I, 150 bar). The results 
show the total wear loss has been significantly reduced from 9.7 nm/h for 
standard cast iron liners to 1.4 nm/h. The oil consumption and the blow-by 
have also been dramatically reduced. 

Currently, these coatings have been applied not only to passenger vehicles 
but also in motor racing sports. For example, several qualified V10, V8 and 
V4 racing engines, are produced with plasma coatings (Gebauer, 2006). 
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16.5 Typical microstructure of the MMC plasma coating (carbon steel 
with 30 vol.% of non-abrasive ceramic particles) (Ernst and Barbezat, 
2008). 


16.4 Summary 


Light alloys are favored by sports equipment manufacturers because of their 
high strength-to-weight ratios and are gradually being adopted in more and 
more professional sports fields. Limitations of this equipment are likely to 
be surface-related failures, caused by inadequate tribological, chemical, 
and related technical properties. Surface engineering, as a general term for 
numerous technologies, has demonstrated its ability to solve many of these 
technical problems. Moreover, with the development of new technologies 
and popularity of sports activities, it can be predicted that surface engineered 
light alloys will find more applications in sports. 
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Abstract: Titanium and its alloys are the most important metallic 
biomaterials due to their good biocompatibility and mechanical properties. 
However, they are still not ideal materials to meet the needs of clinical 
application. In order to develop advanced medical devices, many efforts 
have been made to modify their surface properties. In this chapter, the 
state of the art of surface modification of titanium-based biomaterials for 
cardiovascular, orthopedic and dental implants is reviewed. 


Key words: titanium-based biomaterials, surface engineering, 
biocompatibility, cardiovascular implants, orthopedic implants, dental 
implants. 


17.1 Introduction 


Implantable biomedical devices and prostheses have become very widely 
used in clinical application for replacing human organs or tissues that have 
suffered from disease, so as to recover some of their functionality. These 
devices have become a very important means for patient life preservation 
and have led to a new industry, comparable to the medical drug industry. 
Among materials that are used for biomedical devices or prostheses, 
metallic biomaterials constitute one important category for prostheses bearing 
mechanical loads, such as hip joints, bone substitutes, dental implants, artificial 
hearts and ventricular pumps and stents. Metallic materials currently used for 
surgical implants include 316L stainless steel (316L SS), cobalt chromium 
(Co-Cr) alloys, titanium and its alloys, and some noble metals. Table 17.1 


Table 17.1 Mechanical properties of metallic biomaterials and cortical bone (Shi, 
2006) 


Material Density Young's Yield strength Fatigue 
(g/cm?) modulus (GPa) (MPa) strength (MPa) 

Cortical bone ~2.0 7-30 70-150 

Cobalt-chrome alloy ~8.5 230 655-1896 207-950 

316L stainless steel 8.0 200 586-1351 241-820 

Ti and its alloys 4.51 55-110 485-1107 300-620 

TiNi 6.7 60 

568 
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(Shi, 2005) shows the properties of several metals used for biomedical 
implants, as well as cortical bone for comparison. 

Table 17.1 shows that 316L SS and Cr-Co alloys have a much higher 
modulus than bone, which can lead to stress shielding (i.e. insufficient stress 
transfer to the bone), bone resorption and premature loosening of the implant. 
In addition, although stainless steel and Cr-Co alloys have been successfully 
applied clinically for many years and, in most cases, these alloys possess 
adequate corrosion resistance, nevertheless there have been some cases reported 
in which toxic effects occur due to the release from the prosthetic implants of 
Ni, Co and Cr, present in 316L SS and Cr-Co alloys (Wapner, 1991). Skin- 
related diseases, such as dermatitis due to Ni toxicity, have been reported 
and numerous animal studies have shown carcinogenicity due to the presence 
of Co (McGregor et al., 2000). Crevice corrosion is encountered beneath 
the heads of fixing screws made of 316L stainless steel, and mechanically- 
assisted crevice corrosion of modular total hip arthroplasty components has 
been associated with elevated levels in serum of cobalt and urine chromium 
(Jones et al., 2000). Pitting corrosion of cobalt-based alloys leads to the 
release of carcinogens into the body (Clerc et al., 1997; Blackwood, 2003). 

Compared to 316L SS and Cr-Co alloys, titanium-based materials possess 
outstanding mechanical and chemical characteristics, such as high specific 
strength, low Young’s modulus and good corrosion resistance. The lower 
modulus of Ti alloys varies from 110 GPa to 55 GPa compared to 210 GPa 
for 316 L stainless steel and 230 GPa for chromium cobalt alloys. The 
strength of titanium alloys is very close to that of 316 L SS, and its density 
is 55% less than that of steel, hence, when compared by specific strength 
(strength-to-density ratio), the titanium alloys outperform any other implant 
materials. The corrosion resistance of titanium-based biomaterials is better 
than that of stainless steel and Cr-Co alloys; Ti and its alloys show good 
corrosion resistance, complete inertness to the body environment, enhanced 
biocompatibility, and a high capacity to join with bone and other tissues 
(Niinomi, 2001) in long-term implant application such as hip joints and 
dental implants. Based on these advantages, Ti and its alloys have become 
the most widely applied biomaterials among all metals. 

However, titanium alloys tend to undergo severe wear when in motion 
against themselves or with other metals (Miller and Holladay, 1958). These 
alloys, which have a high coefficient of friction, can lead to the formation of 
wear debris that results in inflammatory reaction, causing pain and loosening 
of implants due to osteolysis (Liang et al., 1967). Furthermore, although the 
Ti alloys (mainly Ti-6A1-4V(Ti64)) have an excellent reputation for corrosion 
resistance and biocompatibility, long-term performance of these alloys has 
raised some concerns due to the release of aluminum and vanadium from 
Ti64 alloy. Both Al and V ions are found to be associated with long-term 
health problems, such as Alzheimer’s disease, neuropathy and osteomalacia 
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(Nag et al., 2005). In addition, vanadium is toxic both in the elemental state 
and in the oxide form, V,Os, which are present at the surface (Wapner, 1991; 
Eisenbarth et al., 2004). Newly developed Ti alloys such as Ti-7AI-6Nb and 
Ti-13Nb-13Zr without Al and V and with decreased Young’s modulus, show 
more advantages for biomedical applications (Shi, 2005). 

The biocompatibility of titanium and its alloys is thought to come from 
the nature of the inert surface of the TiO, layer which exists on Ti and Ti 
alloys, with a thickness of 5—20 nm, which prevents metal ion release from 
the matrix into the human body and thus improve their biocompatibility to 
tissues and blood. However, this surface layer is too thin to be adequate under 
biological conditions. Therefore, huge efforts have been made in improving 
their biocompatibility and the surface mechanical properties by improving 
their surface characteristics. In this chapter, the surface modification of Ti 
based biomaterials is reviewed. 


17.2. Surface engineering of titanium (Ti) and its 
alloys for cardiovascular devices 


Titanium and Ti alloys have been used to fabricate artificial heart valves, 
ventricular pumps, artificial hearts, peripheral vascular stents, and more, for 
implants for long-term application. Because these devices come into contact 
with blood, blood-compatibility is the key property for these implants. The 
interaction of blood with a material surface is a complicated process. When 
an artificial device is implanted into an acceptant body and contacts the 
blood environment, there is an immediate interaction between the material 
and blood. It is general agreed that the first step of the interaction is protein 
adsorption on the material surface, followed by activation of platelets, 
coagulation factors, complement and leukocytes, and consequent thrombus 
formation or haemolysis, which leads to failure of the implant. Among the 
consequences of failure, that with the highest frequency is thrombus formation 
on the implant surface, as shown in Fig. 17.1. Figure 17.2 shows an image 
of a failed artificial heart valve on which thrombus has formed and has led 
to loss of leaflet opening and closing function. 

The kind, quantity, and conformation of proteins adsorbed on the surface 
are thought to be critical factors affecting the interaction between blood 
and biomaterial. If fibrinogen or globulin is adsorbed on the surface and 
denatured, it will further activate clotting factors and/or platelets, and 
initiate clotting cascade processes to form thrombus. If albumin is adsorbed 
on the material and if the adsorbed protein can maintain conformation, the 
coagulation process can be stopped. Therefore, many different kinds of 
surface modification techniques have been aimed at modifying the surface 
characteristics of the material so as to modulate the adsorption behavior of 
proteins on the surface. 
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17.1 Schematic showing material-induced blood reaction processes 
(Khor et al., 1999). 


17.2 A failed artificial heart valve with thrombus formed on the valve 
surface. 
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17.2.1 Surface coating with inorganic thin films 
Titanium oxide films 


It has been reported that the blood compatibility of titanium surfaces is not 
yet sufficient to fully prevent the tendency to thrombogenicity (Hong et 
al., 1999). Thus many different kinds of thin films have been considered 
as coating materials to modify the surface of titanium-based alloys. Among 
these, titanium oxide films and carbon-based films have been most widely 
investigated. 

Some early investigations of the interaction of a titanium oxide surface 
with blood proteins were carried out by Sunny and Sharma (1991). By means 
of anodic oxidation processes, titanium oxide surface layers were prepared 
with different layer thicknesses, from several nanometers (the natural 
surface state of titanium) up to about 200 nm, and the relationship between 
the thickness of the titanium oxide layer and the adsorption rate of plasma 
proteins albumin/fibrinogen on the oxide layer surface was investigated. It 
was found that when increasing the thickness of the titanium oxide layer, 
the adsorption rate of albumin/fibrinogen increased by up to seven times 
compared with untreated titanium. 

Huang et al. (1994) studied the relationship between clotting time and 
the thickness of an oxide layer prepared by heat treatment. It was found that 
increasing the thickness of the oxide layer led to a clotting time increase, 
for example by a factor of 1.5 when the thickness of the titanium oxide film 
was increased from 10 to 250 nm. 

Takemoto et al. (2004) investigated the correlation between titanium 
oxide layers on oxidized titanium substrates and platelet adhesion. They 
prepared oxide layers on Ti substrates using three different oxidation 
methods: treatment in hydrogen peroxide solution (H,O,), heating in air 
at moderate temperatures, and processing with both H,O, and heating 
in air. They found that the composition and thickness of the oxide layer 
influenced platelet adhesion. Thick titanium oxide layers, formed on Ti 
substrates by heating, displayed less platelet adhesion than thin oxide layers 
on untreated Ti substrates. The largest number of adhesive platelets was 
found on H,O,-oxidized substrates. They concluded that Ti substrates with 
H,O, and heat treatment above 300°C are the most inhibitory for platelet 
adhesion. 

Huang et al. (2004) have investigated the relationship between the structural 
characteristics of titanium oxide films and blood compatibility behavior. 
It was shown that crystallization, doping, and non-stoichiometry of Ti-O 
films can improve the blood compatibility of Ti-O films significantly. They 
synthesized their films by plasma immersion ion implantation and deposition 
process (PHID). Table 17.2 shows the structure and composition of the films, 
the behavior of platelet adhesion, and the electrical resistivity of the films. 
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Table 17.2 PIIID parameters, film structure, behavior of platelet adhesion, and 
electrical resistivity of the films 


Sample Pressure Structure Composition Platelet adhesion Resistivity 
of O, (Pa) p(Q-cm) 


Number/ Deformed 
2500 um? (pseudopodium/ 
aggregation) % 


A 4.5E-3 Amorphous Ti0,3 110+ 22 98/95 2.96 x 10-* 

B 2.6E-2 Amorphous TiO,7 44+14 68/25 9.62 x 10° 
+crystalline 

Cc 4.0E-2 Rutile TiO, 15+11 12/20 6.76 x 1077 

D 10E-2 Rutile TiO, 36+10 47/21 >104 


Figure 17.3 shows the platelet adhesion state on titanium oxide films with 
different compositions as given in Table 17.2. 

As demonstrated in Fig. 17.3, the adhesion state of platelets is improved 
with increasing oxygen content in the film. However, as the Ti—O film 
becomes stoichiometric TiO, platelet adhesion worsens (Fig. 17.3c). Other 
work investigating the effect of film structure on blood compatibility also 
revealed that platelet adhesion on a rutile Ti—O film surface is superior to 
that on amorphous Ti—O films which have about the same composition as 
rutile (Huang et al., 2003). N-type semiconducting non-stoichiometric TiO,_, 
with a rutile structure was the most effective in the suppression of platelet 
adhesion. 

In vivo test results have further shown the excellent blood compatibility 
of n-type Ti—O films (Huang et al., 2003). In vivo tests after 17 to 90 days 
display almost no coagulation on Ti samples with a Ti—O film surface, while 
thrombus formation is found on LTIC samples, as shown in Figures 17.4 to 
17.6. 

Twenty weeks in vivo test results on coronary stents showed that with 
untreated stents, thrombi form and lead to a constriction at the stent position. 
A thin layer of endothelial cells is formed on the surface of Ti—O film coated 
stents, but no thrombus is found. These results confirm further that Ti-O 
films have excellent blood compatibility, which should have good potential 
for clinical applications (Huang et al., 2006). 

A titanium oxide surface layer has also been applied for ventricular pumps. 
Davidson et al. (1996) used titanium-niobium-zirconium (Ti-Nb-Zr) alloys as 
ventricular pump material. The Ti alloy was fabricated in complex shapes as 
required for the pump components, and the surfaces were oxidized to form a 
hard, wear-resistant, low-friction ceramic surface layer. The combined benefits 
of this stable, wear-resistant, low-friction ceramic surface layer together with 
the toughness, strength, formability, and thermal conductivity of the metal 
provided improvements in the design and performance of blood pumps and 
peripheral grafts and percutaneous (power) components of the pump. 
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(b) 


17.3 Morphology of platelets on Ti-O films: (a) amorphous Ti-O film, 
with composition TiO,.3; (b) Amorphous + crystalline Ti-O films with 
composition TiO,7; (c) Rutile Ti-O films with composition TiO, 9; (d) 
Rutile TiO, films. Incubation time: 90 min. 
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17.3 Continued 


NiTi shape memory alloy is a very important Ti alloy that is used 
for biomedical devices because of its memory effect and superelasticity 
properties. This alloy has been applied for peripheral vascular stents. However, 
release of the toxic element Ni into the body has raised concerns for some 
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17.4 SEM micrographs of materials after 17 days’ implantation: 
(a) Ti-O film; (b) and (c) LTIC. 


researchers. Firstov et al. (2002) treated NiTi alloy in air in the temperature 
range 300-—800°C. They found that NiTi alloy exhibited different oxidation 
behavior at temperatures below and above 500°C. A Ni-free zone was found 
in the oxide layer formed at 500°C and 600°C. Oxidation at 500°C produced 
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a smooth protective nickel-free oxide layer with a relatively small amount 
of Ni at the air/oxide interface, which is favorable for good biocompatibility 
of NiTi implants. 

Chu et al. (2007) used Fenton’s oxidation, in which HO, is catalytically 
decomposed by ferrous irons into hydroxyl radicals (*OH), to modify the 


10.000x 20.0 kV 


' 
=< 


a ry spb ul H 


10um : 
3.500x 5.00 kV . Amray +0039* 


(b) 


17.5 SEM micrographs of materials after 30 days’ implantation: 
(a) Ti-O film; (b) and (c) LTIC. 
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17.5 Continued 


surface of biomedical NiTi shape memory alloy (SMA). They showed that 
Fenton’s oxidation produces a novel nanostructured titania gel film with a 
graded structure on the NiTi substrate, without an intermediate Ni-rich layer 
that is typical for high-temperature oxidation. Moreover, there is a clear Ni- 
free zone near the top surface of the titania film. The treatment improved the 
electrochemical corrosion resistance and mitigated Ni release. Blood platelet 
adhesion was remarkably reduced after Fenton’s oxidation. 

Plant et al. (2005) investigated the effect of oxide treatment temperature 
on the surface Ni ion content and the toxicity to human umbilical vein 
endothelial cells (HUVEC). They found that when oxidation occurred after 
mechanical polishing or post polishing heat treatments at 300°C and 400°C 
in air, a significant amount of metallic nickel or nickel oxide (10.5 and 
18.5 at%) remained on the surface. Exposure of HUVECs to these surfaces 
resulted in increased oxidative stress within the cells, loss of VE-cadherin 
and F-actin, and significantly increased paracellular permeability. However, 
if the TiNi alloy was heat treated at 600°C, these pathological phenomena 
were not found. At this temperature, thickening of the TiO, layer occurs due 
to diffusion of titanium ions from the bulk of the alloy, displacing nickel 
ions to sub-surface regions, resulting in a significant reduction in nickel ions 
detectable on the sample surface (4.8 at%). 

Maitz and Shevchenko et al. (2006), by means of PHI, used oxygen and 
helium to form a titanium oxide layer in a NiTi surface, and investigated the 
effect on blood compatibility of this surface and its suitability for vascular 
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17.6 SEM micrographs of materials after 90 days’ implantation: 
(a) Ti-O film; (b) and (c) LTIC. 
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stents. It was found that a nickel-lean titantum-oxide surface with a nanoporous 
structure was formed after helium PIII treatment. The oxygen-ion-implanted 
NiTi surface adsorbed less fibrinogen on its surface and activated the contact 
system less than the untreated NiTi surface, but conformation changes of 
fibrinogen were higher for the oxygen-implanted NiTi. No difference between 
initial and oxygen-implanted NiTi was found for platelet adherence, endothelial 
cell activity, or cytokine release. The nanoporous, helium-implanted NiTi 
behaved worse than the initial unimplanted surface in most aspects. This 
suggests that oxygen-ion implantation is a useful method for decreasing the 
nickel concentration in the surface of NiTi for cardiovascular applications. 


Carbon-based films 


Carbon-based films include diamond films, diamond-like carbon films (DLC, 
further divided as hydrogenated DLC films (a-C: H) and non-hydrogenated 
DLC films (a-C)), pyrolytic carbon films, and graphite films. Their differences 
originate from the structure and carbon bonding state. Diamond films have 
a face-centered cubic (FCC) lattice crystal structure and contain 100% sp 
bonds; diamond is the hardest material known to man. Diamond-like carbon 
films have an amorphous structure and contain hybrid bonds, both sp? and 
sp’; its hardness can vary from near that of diamond to near that of graphite. 
Pryolytic carbon has a nano-amorphous structure and is sp* bonded. Graphite 
has a hexagonal crystal structure with sp* bonding. Among the four kinds 
of carbon films, diamond, diamond-like carbon and pyrolytic carbon films 
have been used in the biomaterial field, while graphite is too soft and brittle 
to be used for implants. 

The most significant property of all carbon-based films for cardiovascular 
biomaterials is high chemical inertness, with an associated low level of 
interaction between material surfaces and blood. The high hardness and 
excellent wear resistance are also beneficial for the blood contacting devices, 
which may experience mechanical loads in applications such as artificial 
heart valves and ventricular pumps. However, the advanced mechanical 
characteristics of carbon-based films are more important benefits for orthopedic 
implants that experience the heavy load of the human body, such as for hip 
joints, which will be discussed in Section 17.3.1. 

Artificial heart valves have been widely applied clinically for about a half 
century. The most commonly used kind of valve is a bileaflet valve made of 
pyrolytic carbon. In another design, the valve housing is made of Ti-6AI1-4V 
titanium alloy coated with a pyrolytic carbon (made by the Italian company 
Sorin Biomedica). The pyrolytic carbon film enhances the blood compatibility 
of the valve housing and the titanium alloy matrix brings the advantage of 
enhanced stiffness (Arru et al., 1996). Recently Jozwik and Karczemska 
(2007) coated an artificial heart valve ring made of Ti6AI4V titanium alloy 
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with a nanocrystalline diamond (NCD) film using a radio-frequency plasma- 
activated chemical vapor deposition (RF PACVD) technique. This heart valve, 
with a NCD coating and a Derlin disk, was tested for long-term mechanical 
fatigue. The surface morphology of the local contact and movement area 
of the ring were investigated by scanning electron microscopy (SEM) and 
Raman spectroscopy before and after fatigue testing to about 7 x 10° cycles, 
which can be estimated as about 17.5 years of valve operation in the human 
body. The results revealed that the surface after the experiments remained 
in good condition, still tight, and the NCD layer thickness was the same 
as before testing. The Raman spectra indicated that the NCD coating still 
covered the entire surface of the ring. 

Among carbon-based thin films, diamond-like carbon (DLC) has been 
widely investigated for biomaterial applications. An early study of the 
blood compatibility of DLC films was performed by Dion et al. (1993). The 
haemocompatibility was studied in terms of protein adsorption and platelet 
retention on DLC-coated T1-6A1-4V titanium alloy. These researchers reported 
that the static protein adsorption of albumin was 237% compared to the results 
obtained with a silicone elastomer; while the quantity of fibrinogen adsorbed 
on the DLC surface was slightly greater than that adsorbed on the silicone 
surface. Platelets adhered about twice as much as they did on the reference 
surface. They concluded that DLC possesses good haemocompatibility. 

Up to now, many attempts have been made to understand the effects of 
material factors of DLC films on blood compatibility. Huang et al. (2004) 
found that the relationship between DLC film characteristics and blood 
compatibility is very complicated. Their work, and that of many other 
researchers, shows that it is possible to modify the blood compatibility of 
DLC films by changing the DLC bonding state, elemental doping of the 
film, and other factors. Huang synthesized hydrogenated DLC films using 
acetylene gas PIIID. In his investigation, a DLC film prepared at a low 
bias voltage, such as —75 V, showed low platelet adhesion and activation, 
similar to low temperature isotropic pyrolytic carbon (LTIC) and better than 
stainless steel. When prepared at a high bias, such as —900 V, the platelet 
adhesion and activation properties of the DLC film are not good. It seems 
that a higher sp*/sp? bonding ratio may contribute to the blood compatibility 
of DLC. They suggested that the suppression of the contact activation path 
of the clotting process and reduction of the activation of platelets accounted 
for the better haemocompatibility of the a-C:H films. 

Some attempts were made to investigate the influence on haemocompatibility 
of the sp? and sp? hybrid bond fraction in the films. It was observed that 
for magnetron sputtered a-C films, the haemocompatibility improved with 
increasing sp” fraction (Logothetidis et al., 2005). However for a-C:H films 
deposited by PIIID, the blood compatibility was enhanced at higher sp7/ 
sp® ratios (Chen et al., 2002), and on investigating the haemocompatibility 
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of pulsed vacuum arc deposited ta-C films, it was also found that the 
haemocompatibility tended to improve with increasing sp’/sp* (Leng et al., 
2003). 

Logothetidis et al. (2005) compared the haemocompatibility of magnetron 
sputtered a-C, a-C:H, and tetrahedral amorphous carbon (ta-C) films. 
Spectroscopic ellipsometric studies were done in the energy range from 1.5 
to 6.5 eV and albumin/fibrinogen ratios were derived from the analysis of 
ellipsometric data. For the a-C:H films, the albumin/fibrinogen ratio was 
higher for films deposited at higher hydrogen atomic percent in the plasma 
and positive substrate bias. It has also been observed that the albumin/ 
fibrinogen ratio was higher for lower refractive index of the carbon films. 
These results imply that films with greater polymeric component exhibit 
better haemocompatibility. 

Elemental doping is also a hot point for researchers as a possible route to 
the improvement of the blood compatibility of DLC coatings. Kwok et al. 
(2005) investigated the blood compatibility of P-doped a-C:H films deposited 
by PIII. They obtained a water contact angle of 16.98° for their films and 
observed that the coatings minimized the interaction with plasma proteins. 
This gives rise to preferential adsorption of albumin, which is a prerequisite 
for good haemocompatibility. 

Si doping of either a-C or a-C:H films seems to have a positive effect on 
blood compatibility. Ong et al. (2007) synthesized unhydrogenated a-C films 
with different silicon concentrations by magnetron sputtering, and analyzed 
the corresponding evolution of the surface energy and compatibility with 
blood. They pointed out that the incorporation of silicon not only decreased 
the sp’-hybridized carbon bonding fraction, but the static evaluation of films 
incubated in human platelet-rich plasma also showed a decrease in platelet 
adhesion. They conclude that bonding structure and surface energy of Si 
doping are factors contributing to the improved haemocompatibility. 

Hasebe et al. (2006) synthesized fluorinated DLC (F-DLC) coatings for 
creating a more hydrophobic surface with improved antithrombogenicity. 
The in vitro whole blood model confirmed that platelet loss was lower in a 
F-DLC group than in the noncoated group (316L), which suggests adhesion 
of a smaller number of platelets to F-DLC-coated materials. Furthermore, the 
biomarkers of mechanically induced platelet activation (beta-thromboglobulin) 
and activated coagulation (thrombin-antithrombin-three complex) were 
markedly reduced in the F-DLC-coated group. In vivo rat implant model 
studies revealed no excessive local or systemic inflammatory responses in 
the F-DLC group. The thickness of the fibrous tissue capsule surrounding the 
F-DLC-coated disk was almost equal to that of the noncoated 316L disk. 

Some negative effects of elemental doping of DLC on blood compatibility 
have also been reported. Andara et al. (2006) investigated the haemocompatibility 
of DLC-silver composite and DLC-titanium composite thin films prepared 
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using a pulsed laser deposition process with multicomponent target. They 
observed that dense fibrin networks with densely aggregated platelets were 
formed on the surfaces of DLC-silver and DLC-titanium films after being 
exposed to platelet—rich plasma. However no fibrin networks were found on 
unalloyed DLC films. This implies that silver and titanium doping of DLC 
decreases the anticoagulation ability of the film. However, all the results 
about the relationship of material factors and blood compatibility are not 
completely consistent. It appears that these parameters are not the only 
factors in governing haemocompatibility. 

DLC films have been applied to cardiovascular devices. Jones et al. 
(2000) prepared TiN/TiC/DLC multilayer films on titanium substrates for 
use as coatings for heart valve prostheses, using Ti/TiN/TiC with gradually 
changing compositions to enhance the adhesion strength of DLC to the Ti 
matrix. These coatings proved to have good blood compatibility. 

DLC-coated heart valves and stents are already commercially available 
or at a commercial development stage. The Cardio Carbon Company offers 
DLC coated titanium implants (‘Angelini Laminaflo’ mechanical heart valves 
and ‘Angelini Valvuloplasty’ rings) (Roy and Lee, 2007). 

Salahas et al. (2007) evaluated the safety and clinically defined efficacy 
of the implantation of DLC coated stents in a group of patients who 
underwent percutaneous transluminal coronary revascularization procedures 
in two haemodynamic centers. Into 196 patients they implanted 245 stents. 
Implantation of intracoronary bare metal stents coated with DLC was 
associated with a high success rate, safety, and efficacy, both in the hospital 
and at the six-month follow-up after the interventional procedure. 

However, Meireles et al. (2007) compared re-stenosis and major cardiac 
event rates for 180 patients at one and six months after DLC-coated stent 
implantation with those for uncoated stents. They concluded that DLC coated 
stents did not yield better outcomes in relation to uncoated stents. 

This inconsistency may be due to the state of the DLC films on the stent 
surface. If the film does not remain stable during stent expansion, the film 
will delaminate from local regions where plastic deformation occurs, and 
the exposed matrix may be worse for stimulating the coagulation reaction 
and release of toxic elements from the matrix such as Ni and Cr. Attention 
to minimizing cracking, spallation and fracture of the DLC coating during 
stent expansion has been paid. Some attempts were made to incorporate 
certain elements in DLC and to use an interlayer to prevent spallation and 
cracking of the coating by the high tensile forces of stent expansion (Choi 
et al., 2006; Maguire et al., 2005). 

The use of DLC films for improving the properties of ventricular pumps is 
also of research interest. Yamazaki et al. (1998, 2002) developed a compact 
centrifugal blood pump system called ‘EVAHEART” as an implantable 
left ventricular assist device for long-term circulatory support. The pump 
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is made from pure titanium, and the entire blood-contacting surface is 
covered with DLC or 2-methacryloyloxyethyl phosphorylcholine (MPC) to 
improve blood compatibility. They evaluated the pump in long-term in vivo 
experiments using seven calves. They concluded that no thrombi formed on 
blood contacting surfaces, for both DLC and MPC coatings. In all calves, the 
pumps demonstrated trouble-free continuous function for over six months 
(200 days and 222 days). 

Other kinds of films have been investigated for application to blood 
contacting material surfaces, such as TiN (Karagkiozaki et al., 2009), Al,O3 
(Fischer et al., 2007), ZrO, (Filiaggi et al., 1996), TaO (Yang et al., 2007), 
Si-N (Wan et al., 2007), but much less work has been done compared 
with titanium oxide films and carbon-based films. Up to now, few of the 
publications in the field of hard coatings for blood contacting biomaterials 
have dealt with the mechanism of the film—blood compatibility. Due to lack 
of knowledge of the interaction process between the films and blood, it is 
not clear how to adjust the characteristics of the films so as to modify the 
blood compatibility. This is the critical problem that limits the use of hard 
coatings for cardiovascular materials. 


17.2.2 Surface immobilization of functional molecules 


Some functional molecules have been used widely for polymer surface 
modification to improve blood compatibility, such as poly(ethylene glycol) 
(PEG), heparin, hirudin, and albumin, because it is easier to form functional 
groups such as hydroxyls, carboxyls, and aminos on a polymer surface for 
functional molecular immobilization, whereas few such groups form on metal 
surfaces. Surface activation treatments have been developed; Weng et al. 
(2007) have studied the use of phosphoric acid chemisorption on TiO, films to 
increase hydroxy! groups and found that phosphoric acid is facile for anchoring 
on anatase TiO, films. As can be seen in Fig. 17.7, the immobilization was 
accomplished first by chemical adsorption of phosphoric acid and second 
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17.7 Schematic of the biomolecular immobilization process. 
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by bonding with APTES (3-aminopropyl triethoxylsilane) by increased 
hydroxyl groups. APTES amino groups allow further chemical bonding 
of heparin with carboxyl groups. Usually, N-(3-dimethylaminopropyl)-N’- 
ethylcarbodiimide (EDC) is used as a catalyzer in the reaction of amino groups 
and carboxyl groups since it has a less negative effect on biocompatibility 
compared with glutaraldehyde. In order to minimize the hydrolysis of EDC, 
heparin was immobilized using EDC, N-hydroxysuccinimide (NHS) in a 
2-morpholinoethane sulfonic acid (MES) systems. Figure 17.8 shows the 
platelet adhesion state on (a) anatase TiO, film, (b) heparinylated anatase 
Ti-O film via directly silanization; and (c) heparinylated anatase Ti-O film 
via chemisorption of H3PO, and then silanization. It is clear that immobilized 
heparin inhibits platelet adhesion and aggregation. 

Weng et al. (2008) carried out further work using photochemistry to 
immobilize bovine serum albumin (BSA) on a titanium oxide surface. They 
first modified Ti-O thin films by 3-aminopropylphosphonic acid (APP) 
assembling, and simultaneously azido groups were introduced into BSA to 
act as photo-reactive points. Covalent coupling of BSA was realized by UV 
irradiation. Platelet experiments with both qualitative and quantitative analysis 
revealed that BSA immobilized surface was effective in inhibiting platelet 
adhesion in vitro. In vivo studies also confirmed good haemocompatibility 
of a BSA immobilized surface after 90 days implantation. 

Grafting of PEG is another effective method to modify the polymer 
surface, and polyethylene glycol (PEG) is usually grafted onto polymer 
surfaces to resist protein and platelet adhesion (Amiji and Park, 1993). 
Recently Tanaka et al. (2009) have investigated electrodeposition of PEG 
on titanium to enhance blood compatibility. They found that the U-shaped 
PEG molecule immobilized with electrodeposition inhibited platelet adhesion 
and aggregation. The immobilization of PEG on the Ti surface was strongly 
associated with a biofunction such as platelet adhesion. 


17.3 Surface engineering of Ti alloys for orthopedics 
and dental implants 


As mentioned in Section 17.1, titanium and its alloys are widely used 
for orthopedics and other implants due to their high specific strength, low 
Young’s modulus and good corrosion resistance and biocompatibility. For 
example, hip and knee prostheses, bone screws and plates, maxillofacial 
implants, intramedullary nailing systems, spinal surgery implants, external 
fixators, dental implants, and others have all been used. Generally, the 
biocompatibility of Ti and some of its alloys is quite good. In many applications 
as hard tissue substitutes they present very good bone conductivity and 
osseointegration. 

However, as hard tissue substitutes, in many cases they must bear heavy 
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17.8 SEM images of samples after being in contact with PRP for 4 h 
(a) anatase Ti-O film; (b) heparinylated anatase Ti-O film via direct 
silanization; (c) heparinylated anatase Ti-O film via chemisorption of 
H3PQ, and then silanization. Magnification x3000. 
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loads and may undergo wear; particulate wear debris in total hip replacements 
causes adverse local host reactions. The extreme form of such a reaction, 
aggressive granulomatosis, has been found to be a distinct condition and 
different from simple aseptic loosening. Reactive and adaptive tissue around 
the replaced hip was formed of fibroblast-like cells and activated macrophages. 
Thus improvement in the anti-wear properties of the surface is needed. In 
addition, further improvement of biocompatibility is needed to realize better 
integration of the tissue/material interface. 


17.3.1. improving surface properties of Ti-based 
biomaterials by surface coatings 


Many hard coatings have been investigated as anti-wear coatings for Ti- 
based biomaterials. Among them, DLC films have attracted most attention, 
especially for improving the tribological properties of artificial joints. 

Kim et al. (2008) reported their work on Si-incorporated diamond-like 
carbon (Si-DLC) coatings with Si content up to 2 at%, deposited on Ti-alloy 
substrates by means of a radio-frequency plasma assisted chemical vapor 
deposition (1.f. PACVD) technique. The synergy in wear and corrosion of 
the Si-DLC coatings was investigated by tribological and electrochemical 
techniques. The investigation showed that these films improved wear—corrosion 
resistance in the simulated body fluid environment because of a lower friction 
coefficient and lower corrosion rate. 

Brizuela et al. (2002) prepared functionally graded, titanium alloyed, 
DLC coatings using a magnetron sputtering PVD technique and studied the 
tribological performance of the coating during metal-on-metal contact (cobalt 
chromium or titanium alloys) under dry and lubricated test conditions. During 
mechanical testing, the DLC coatings exhibited a high elastic recovery (65%) 
compared with Co-Cr-Mo (15%) and Ti-6A1-4V (23%). The coatings exhibited 
excellent tribological performance against Ti-6Al-4V and Co-Cr-Mo alloys, 
especially under dry conditions, presenting a friction coefficient value of 
0.12 and almost negligible wear. This coating has passed biocompatibility 
tests for implant devices on tissue/bone contact according to international 
standards. 

Allen et al. (2001) investigated the effects of DLC coatings on the 
musculoskeletal system. They deposited DLC coatings on polystyrene 24-well 
tissue culture plates by fast-atom bombardment from a hexane precursor. Two 
osteoblast-like cell lines were cultured on uncoated and DLC-coated plates 
for periods of up to 72 h. The effects of DLC coatings on cellular metabolism 
were investigated by measuring the production of three osteoblast-specific 
marker proteins: alkaline phosphatase, osteocalcin, and Type I collagen. They 
proved that there was no evidence that the presence of the DLC coating had 
any adverse effect on any of the parameters measured in the study. They 


© Woodhead Publishing Limited, 2010 


588 Surface engineering of light alloys 


further implanted DLC-coated metal cylinders in intramuscular locations in 
rats and in transcortical sites in sheep. Histological analysis of specimens 
retrieved 90 days after surgery showed that the DLC-coated specimens 
were well tolerated in both sites. They concluded that DLC coatings are 
biocompatible in vitro and in vivo. 

Even if some studies revealed that DLC film was a promising material to 
reduce the wear rates of artificial hip joints, the effect of the DLC coating 
on such joints is still in argument. Roy and Lee (2007) discussed various 
factors affecting the wear behavior of DLC films. In the case of hydrogenated 
films, positive results were obtained when tested by pin-on-disk (POD) 
or ball-on-disk (BOD) type wearing. However, the positive effect of the 
coating was not significant in the tests using a hip or knee joint simulator. 
In contrast, POD or BOD type wear tests of nonhydrogenated film showed 
both positive and negative results. Only in case of ta-C/ta-C pairs on the 
simulator, was there a significant reduction in wear as compared to conventional 
polyethylene—metal or metal-metal pairs. Some of these conflicting results 
may be due to the fact that the lubricant also plays a role in determining 
the wear of the prosthetic joint material. Onate et al. (2001) did a wear 
test on an artificial knee couple of DLC coating-UHMWPE by means of a 
knee-wear simulator, using distilled water as lubricant. DLC was deposited 
using CC800-8 CemeCon PVD equipment involving initial deposition by 
magnetron sputtering. The thickness of the coatings was in the range 3-4 
um. The coating of DLC significantly decreased the generation of UHMWPE 
debris. However, when Saikko et al. (2001) did a wear test of a hip joint 
couple with DLC film coated heads, with the film thickness 311m, against 
UHMWPE counterface in a hip wear simulator using HyClone Alpha Calf 
Fraction serum (catalogue number SH30076.03) diluted 1:1 with Millipore 
distilled water, the wear resistance of DLC head did not markedly differ 
from the alumina head and CoCr alloy head. 

There are also reports of failure of DLC coatings in orthopedic implants. 
As an example, a Swiss company, ‘Implant Design AG’, tried to introduce 
a diamond-like nanocomposite (DLN) coated knee joint implant against 
UHMWPE, but was forced to stop it due to excessive wear and spallation of 
the joint materials (Roy and Lee, 2007). Furthermore, a clinical test reported 
that the failure rate of DLC-coated Ti-6A1-4V femoral heads is much higher 
than that of alumina femoral heads (Taeger et al., 2003). To understand the 
failures in the clinical tests, one should also consider the instability of DLC 
coatings in aqueous environments, which results in delamination or spallation 
of the coatings. Numerous surface pits that must follow the spallation of 
the DLC coating were observed on the coated surface of the failed femoral 
head (Taeger et al., 2003). 

Therefore a number of the factors should be take into consideration to 
affect the wear behavior of the DLC coated hip or knee joint wear couples, 
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such as the materials factors of the DLC films, including the content of sp” 
and sp* bonds in the DLC film, composition, adhesion strength of the film to 
the substrate, film thickness, surface roughness, internal stress in the film, pits 
state, as well as counterpart materials, lubrication conditions, loading state, 
contact state of the counterparts, fabrication accuracy of the wear couple, 
and so on. More in vitro and in vivo research with clinical tests, including 
failure analysis, is required to confirm the DLC film as a coating material 
for prosthetic joints. 

Ti, being bio-inert, shows poor bone cell adhesion with an intervening 
fibrous capsule. Natural bone consists mainly of the inorganic substance 
hydroxyapatite Ca; (PO4)6(OH)2 (HA) and collagen, which is a nano-scale 
assembled composite. Thus, hydroxyapatite is highly biocompatible and has 
been popularly applied for surface coatings on titanium alloys for orthopedic 
and dental implants. A plasma spray process for fabricating HA coatings 
has been applied for orthopedic and dental implants in recent decades. In 
this process, HA powders are injected into high temperature heat sources 
where they are melted and propelled at high velocity towards the titanium 
alloy implant. Although this process has been widely applied, the absorption 
behavior of the HA coating, the bond strength, and the fatigue behavior of the 
coating are still of some concern. Some investigations about the long-term 
clinical results of plasma spray coated HA implants have been reported. 

Restrepo et al. (2008) have reviewed the results of 35 consecutive total 
hip arthroplasties performed in 25 patients between 1993 and 2003. All 
patients received a hydroxyapatite (HA) plasma sprayed titanium acetabular 
component and a tapered femoral stem coated with HA. Follow-up averaged 
6.6 years (range: 4.2 to 10). There was a significant improvement in function 
and relief of pain. All uncemented components were found to be stable and 
osteointegrated at the most recent follow-up. There were no complications 
or revision operations. 

Landor et al. (2007) evaluated the efficacy of plasma sprayed porous 
titanium alloy/HA coatings in promoting bony ingrowth and mechanical 
stabilization of total hip implants compared with total hip implants without a 
porous titanium alloy/HA coating. The coating consisted of a plasma-deposited 
first layer of porous titanium alloy (Ti-6A1-4V), similar in composition to 
the forged substrate, and a plasma deposited second layer of hydroxyapatite. 
The porous titanium alloy/hydroxyapatite (HA) coated femoral stems were 
implanted in 50 patients. The results were compared with a control group 
of 50 patients with the same type of endoprosthesis, but without the porous 
titanium alloy/HA coating. Both groups of patients were operated on and 
evaluated by the same orthopedic surgeons with a mean follow up of 11.4 
years in the HA group and 10.6 years in the control group. They found a 
substantially higher degree and quality of osteointegration in the porous 
titanium alloy/HA type implants. 
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Chang et al. (2006), on the other hand, pointed out that hip arthroplasties 
with HA coatings on the smooth surface of the titanium cup are not reliable, 
according to their investigation of 90 hips in 82 patients using Omnifit 
hydroxyapatite (HA)-coated prostheses followed for at least seven years. 

Reikeras and Gunderson (2002) reported the outcome of 191 acetabular 
gritblasted titanium cups with hemispherical design for press-fit insertion and 
coated with hydroxyapatite. The prosthesis was made of gritblasted titanium 
entirely coated with hydroxyapatite, and 155 patients aged 15—78 years were 
operated on during the years 1991-1993. The follow-up period was 7—10 years. 
During this period, 39 cups were revised because of mechanical loosening, a 
further nine had radiolucent lines and two focal osteolysis. None of these 11 
patients had clinical symptoms. Failure was associated with age, wear and 
radiolucency/osteolysis. At revision, the soft tissues were discolored, and 
most of the coating had disappeared. This design of hydroxyapatite-coated 
cups therefore has a high rate of debonding and failure. 

However, when HA coatings are applied on dental implants, the results 
seem better than with those on hip joint implants. Binahmed et al. (2007) 
reported the long-term (8 to 10 year) results of hydroxyapatite (HA)-coated 
dental implants and compared them to the 5-year results as well as to long- 
term results of both HA and titanium dental implants reported in the literature. 
A total of 302 implants were placed in 90 patients whose average age was 
54.3 years (SD 13.2 years). The 10-year success rate of HA-coated dental 
implants was 82%. The success rate was higher in the mandible as compared 
to the maxilla. The 10-year results were inferior to the five-year results. 

The success rate for clinical application of plasma spray HA coated 
implants depends on many factors such as design of the implant, surface 
state (porous, rough or smooth), application location, as well as plasma 
spray parameters. In some cases the failure rate of the HA coated implants 
is high (Sun et al., 2001). The brittleness, low strength and low adhesion 
strength of these coatings to the implant restrict their use. To overcome these 
disadvantages of the plasma spray HA process, many new processes have 
been developed. 

Wang et al. (2006) compared three different implants, bare Ti-6A1-4V 
alloy, Ti-6AI-4V alloy coated with plasma-sprayed hydroxyapatite (PSHA), 
and Ti-6A1-4V alloy coated with electrochemically deposited hydroxyapatite 
(EDHA), implanted into canine trabecular bone for 6 h, 7 days, and 14 days. 
They found that a finely textured microstructure of EDHA coatings appears 
to provide significant advantage for the integration of mineralized bone tissue 
into the coatings, and conclude that the adhesion of EDHA coatings to Ti- 
6AI-4V substrate needs to be improved through appropriate manipulation 
of the electrodepositon parameters. 

To improve the adhesion strength of HA coatings to the titanium substrate, 
some novel coating and surface modification processes have been developed 
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in recent years. Current research on sputtered HA and CaP coatings has 
shown promise for elimination of some of the problems associated with the 
plasma-spraying process. 

Ozeki et al. (2002) fabricated a functionally graded film of titanium/ 
hydroxyapatite (HA) on a titanium substrate, using radio frequency magnetron 
sputtering. The ratio of titanium to HA was controlled by moving a target 
shutter. The film thickness was | micron and the HA was concentrated close 
to the surface while the titanium concentration increased with proximity to 
the substrate. They compared the bonding strength of this graded-composition 
film with a plasma sprayed HA coating and a pure HA sputtered film, and 
found that the bonding strength between the functionally graded film and the 
substrate was 15.2 MPa in a pull-off test and the critical load in a scratch 
test was 58.85 mN. The corresponding values for a pure HA sputtered film 
were 8.0 MPa and 38.47 mN, respectively. The bonding strength of a pure 
HA plasma sprayed coating was 10.4 MPa in the pull-off test. Further, they 
sputter-coated a graded film and a pure HA film to a thickness of 1 micron 
on titanium columns (10 mm in length and 4 mm in diameter) and implanted 
them in diaphyses of the femora of six adult dogs. After 2, 4, and 12 weeks 
they found that the push-out strength of the graded film and of the pure HA 
film was 3.7 MPa and 3.5 MPa respectively, while that for the uncoated 
columns was only 1.0 MPa. Thus sputter-coating of the graded film showed 
a significant enhancement in bonding strength between bone and titanium. 


17.3.2 Surface functionalization 


Although coating of HA can improve the biocompatibility of titanium for 
orthopedic and dental devices, brittleness and delamination of HA or Ca-P 
coatings remain weaknesses for these coatings. Some novel processes have been 
developed for rendering the surface highly bioactive, without a coating. 

Recently Schlegel et al. (2008) used anodic plasma—chemical (APC) 
treatment to fabricate a porous oxide layer incorporating calcium and phosphate 
directly in the oxide. This produced superior adhesive strength to a conventional 
calcium phosphate coating, offering potential for long-term osseointegration. 
They investigated the biocompatibility and osteoconductivity of APC surfaces 
in vivo compared with standard HA coated and uncoated commercially pure 
titanium implant cortical screws. Sample screws were implanted in female 
Swiss alpine sheep for 12 weeks. They found no significant differences 
between the tested coatings, and no delamination was observed with any of 
the APC-treated surfaces. These results suggest that the APC-treated samples 
have similar biological performance to HA-coated screws. They concluded 
that because the APC treatment has a superior bonding strength to the base 
metal compared to standard HA coatings as well as similar biocompatibility, 
this approach holds good potential for biomedical applications. 
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Ion implantation has been used for surface modification of materials for 
over three decades, and ion implantation processes is being also used to 
enhance the compatibility of titanium and its alloys with bone. 

Hanawa et al. (1997) reported on their in vivo investigations of calcium ion 
(Ca**)-implanted titanium inserted into rat tibia for 2, 8, and 18 days. They 
found that a larger amount of new bone was formed on the Ca’*-treated side 
than on the untreated side, even at two days after surgery. Bone formation 
on the untreated side was delayed and the bone did not make contact with 
the surface. Mature bone with bone marrow formed in eight days. Neither 
macrophage nor inflammatory cell infiltration was observed. Their results 
indicate that Ca?*-implanted titanium is superior to titanium alone for bone 
conduction. 

Nayab et al. (2005; 2007) investigated the effects of calcium ion implanted 
Ti on the functional activity of bone cells. They used flow cytometry (FCM) 
and the reverse transcriptase polymerase chain reaction (RT-PCR) to measure 
the response of bone-derived cells to key bone-associated components, and 
found that Ti surfaces implanted with Ca ions can enhance the expression of 
certain bone-associated components in vitro. This effect could be the origin 
of the benefits of this material for bone in vivo. 

Maitz et al. (2005) formed a bioactive titanium surface by Na plasma 
immersion ion implantation and deposition (PIIT&D) followed by precipitation 
of calcium phosphate and cell culture. They compared the bioactivity of the 
plasma-implanted titanium to that of (i) untreated, (11) Na beam-line implanted, 
and (iii) NaOH-treated titanium samples. They found that the results could 
be classified into two groups: non-bioactive (untreated titanium and beam- 
line Na implanted titanium) and bioactive (Na-PHI&D and NaOH-treated 
titanium). No cell toxicity was found for the four types of surfaces. They 
suggested that the use of Na-PIII&D provides an environmentally cleaner 
technology to improve the bioactivity of Ti compared to conventional wet 
chemical processes. 

Krupa et al. (2002, 2004, 2005) investigated the corrosion resistance and 
biocompatibility of titanium after surface modification by ion implantation of 
calcium or phosphorus or calcium+phosphorus. They implanted calcium ions or 
phosphorus ions at a dose of 10!” ions/cm2. In their dual calcium+phosphorus 
ion implantation, first Ca was implanted and then P, both at a dose of 
10!” ions/cm”, and the ion beam energy was 25 keV. The microstructure, 
chemical composition, corrosion resistance and biocompatibility in vitro 
were examined. The results revealed that all ion implanted surface layers 
were amorphous. Electrochemical examinations indicated that calcium, 
phosphorus and calcium+phosphorus implantation into titanium increases 
its corrosion resistance under steady conditions after short- and long-term 
exposures in SBF. But potentiodynamic tests showed that the calcium- 
implanted samples undergo pitting corrosion during anodic polarization. The 


© Woodhead Publishing Limited, 2010 


Surface engineered titanium alloys for biomedical devices 593 


breakdown potentials measured are high (2.5 to 3 V). Good biocompatibility 
of all the investigated materials was confirmed under the specific examination 
conditions; however, they pointed out that the calcium implanted titanium 
was inferior to the unimplanted titanium, a result that is different from the 
result of Hanawa et al. (1997) and Nayab et al. (2005, 2007). 

Braceras et al. (2007) implanted CO* ions with an energy of 30 KV and 
doses from 3 to 6.5 x 10!” ions/cm? into Ti6AI4V disks. They found that 
on CO* ion implanted samples, osteoblast were more spread, star-shaped 
and flattened. Apoptosis signals were lower on CO* ion implanted samples 
compared with the control sample. Their in vitro research proved that CO* 
ion implantation increases alkaline phosphatase (ALP) activity, osteoblast 
differentiation and accelerated osseointegration. They further did two steps 
of in vivo experiments; first they tested it on 88 dental implants inserted for 
3 months into the tibiae of 22 New Zealand albino rabbits. Results revealed 
that CO* ion implanted samples showed an 84.65% bone-to-implant contact 
(BIC) of bone implant contact on the Ti6A14V samples, against 52.05% on 
the control untreated samples. Subsequently, the CO* ion implanted treatment 
has been tested on dental implants in the mandible of beagle dogs for 3 and 
6 months, with 72 implants and 12 animals. Results demonstrated again the 
superior performance of the CO* ion implanted samples (68 + 8% and 61 
+ 8 BIC% at month three and six respectively on the histological analysis) 
against the control samples (42 + 7% and 44 + 14% at month three and 
six respectively). Therefore, these results confirm the claim that CO* ion 
implanted samples show faster and higher osseointegration properties. 

Until now, a number of the researches have been done on the bioactivity 
of ions such as Ca‘, P*, K*, Na*, Art, N*, NH**, Mg*, Zn*, CO* and H,O 
+ H, gas, implanted in titanium and/or titanium alloy. Among those ions 
Ca‘, K*, P*, Nat, NH?*, Mg*, CO*, and H,O+H) gas implanted titanium 
and/or titanium alloy have been reported as improving osteoblast adhesion 
and growth. However, there are a number of further researches that need to 
be done, such as the optimization of species of ions and implanted element 
distribution which depends on ion implantation energy, dose, as well as 
treatment temperature. And we need to understand the interaction mechanics 
of the modified surface with the biological environment. 

Surface topological modification is another novel research direction 
with the potential to produce bioactivity without affecting the mechanical 
characteristics of the material. Fabrication routes for titania nano-architectures 
can be flexible and cost-effective, enabling realization of desired platform 
topologies on existing non-planar orthopedic implants. 

Xiao et al. (2008) fabricated titania nanotube arrays in situ on a Ti surface 
by anodic oxidation in 0.1-0.5% HF solution. They found that the HF 
concentration and anodic voltage had important effects on the appearance 
and size of the titania nanotube arrays. In the range of 5—20 V, the nanotube 
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diameter increased with voltage. They observed that as NayHPO, was added 
to the HF electrolyte, apatite could be formed on the arrays. This provides an 
effective way to prepare bioactive titania. Figure 17.9 shows the morphology 
of titania nanotube arrays obtained by anodic oxidation in 0.5% HF electrolyte 
for 20 minutes. 

Das et al. (2009) evaluated bone cell—anodized Ti surface interactions. 
They studied human osteoblast cell attachment and growth behavior using 
an osteoprecursor cell line for 3, 7, and 11 days. They noticed an abundant 
amount of extracellular matrix (ECM) between neighboring cells on anodized 
nanotube surface with filopodia extensions coming out from cells to grasp 
the nanoporous surface of the nanotubes for anchorage. Further, when 
anodized nanoporous sample surfaces were etched with different patterns, 
preferential cell attachment was noticed on the nanotube surfaces but almost 
no cells on an etched plate Ti surface. Immunochemistry studies with 
alkaline phosphatase showed enhanced osteoblastic phenotype expressions 
on nanoporous surfaces. Osteoblast proliferation was significantly higher on 
anodized nanotube surfaces. 

Popat et al. (2007) also found that nanotubular titania surfaces provide a 
favorable template for the growth and maintenance of bone cells. The cells 
cultured on nanotubular surfaces showed higher adhesion, proliferation, 
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17.9 Titania nanotube arrays. 
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alkaline phosphatase activity, and bone matrix deposition compared with 
those grown on flat titanium surfaces. In vivo biocompatibility studies suggest 
that nanotubular titania does not cause chronic inflammation or fibrosis. 

Recently, Bjursten et al. (2009) compared the bone-bonding ability 
of two titanium implant surfaces: titanium dioxide (TiO,) nanotubes and 
TiO, gritblasted surfaces. In vitro results showed that the TiO, nanotubes 
improved osteoblast proliferation and adhesion compared with gritblasted 
titanium surfaces. They further did an in vivo experiment of four weeks of 
implantation of two kinds of samples in rabbit tibias. Pull-out testing indicated 
that TiO, nanotubes significantly improved bone-bonding strength by as 
much as nine-fold compared with TiO, gritblasted surfaces. Histological 
analysis confirmed greater bone—implant contact area, new bone formation, 
and calcium and phosphorus levels on the nanotube surfaces. 

Bimolecular immobilization on a titanium surface is also a novel channel 
for functionalization. Brandley and Schnaar (1988) reported cell-binding 
peptides containing the Arginine-Glycine-Aspartic acid (RGD) sequence to 
be effective for promoting cell adhesion on materials; numerous studies have 
demonstrated that peptide modified surfaces influence short- and long-term 
cell response, such as attachment, shape and function. These responses are 
mediated via cell receptors known as integrins, which bind specifically to 
short peptide sequences from larger proteins. Integrins transduce information 
to the nucleus through several cytoplasmic signaling pathways. 

Ferris et al. (1999) evaluated the quality and quantity of the new bone 
formed in response to titanium rods surface-coated with the peptide sequence 
Arg-Gly-Asp-Cys (RGDC) using gold—thiol chemistry and implanted in rat 
femurs. Histomorphometric analysis of cross-sections perpendicular to the 
implant long axis showed a significantly thicker shell of new bone formed 
around RGDC-modified versus plain implants at two weeks. They observed 
a significant increase in bone thickness for RGDC implants at four weeks 
while bone surrounding controls did not change significantly in thickness. 
Mechanical pull-out testing conducted at four weeks revealed that the average 
interfacial shear strength of peptide modified rods was 38% greater than 
control rods. Their data suggest that an RGDC peptide coating may enhance 
titanium rod osseointegration in the rat femur. 

It has recently been demonstrated that phosphatidylserine-rich phospholipid 
coatings can induce fast mineralization of titanium implant surfaces on 
incubation in simulated body fluids. Bosetti et al. (2007) investigated the 
biocompatibility of these coatings in terms of cytotoxicity and their ability 
to support osteoblast adhesion and activity. Their results showed that the fast 
mineralization of the phospholipid matrix, obtained in vitro by pre-treatment 
in a SBF, exposes the cells to an environment similar to that present in the 
bone during its natural formation which allows cells to adhere, proliferate 
and produce proteins fundamental for bone growth. The biocompatibility 
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of these phospholipid-based coatings, in combination with their ability to 
initiate rapid mineralization, provides a promising material that could create 
bone cell interactions and bone integration in vivo. 


17.4 Future trends 


Biocompatibility is a prerequisite for biomaterials. The traditional considerations 
of biocompatibility are non-toxicity, not causing any inflammatory or allergic 
reactions in the human body, not causing thrombus formation and blood 
component decomposition, non-carcinogenicity and non-irritating. These 
ideas are based on the notion that biomaterials should play an inert role, 
maintaining low chemical reactivity with the body. 

In the past two decades, attempts to introduce biological activity into 
biomaterials have been realized in research. The concept of tissue engineering 
and regeneration has prompted much progress in biomaterials research. 
Today, much biomaterial research is focused on enhancing the interaction 
between biomaterials and biological systems by means of chemical, physical, 
biochemical, and physiological processes, to produce specific and positive 
consequences of the interaction. The tendency of surface modification of a 
biomaterial in the aspect of controlling the interactions between the material 
and its biological environment can be summarized as from bioinert to 
bioactive, and further to be biospecific and bioinducing. Thus the concept of 
biocompatibility has been expanded: “Biocompatibility refers to the ability 
of a biomaterial to perform its desired function with respect to a medical 
therapy, without eliciting any undesirable local or systemic effects in the 
recipient or beneficiary of that therapy, but generating the most appropriate 
beneficial cellular or tissue response in that specific situation, and optimising 
the clinically relevant performance of that therapy’ (Williams, 2008). 

In the case of titanium-based biomaterials, much effort has been made to 
improve biocompatibility and surface mechanical properties via a surface 
engineering approach. As discussed in Sections 17.2 and 17.3, surface 
functionalization becomes a hot-point of surface engineering research 
for Ti-based biomaterials. There are two major directions for the surface 
functionalization to mimic biological substances and their functions: one is 
the topographical mimic, such as the construction of micro and nano patterns 
on titanium surfaces to guide cell growth, which plays a role similar to 
the topography of extracellular matrix (ECM) which can contribute to cell 
growth. A typical example is the recently developed titanium oxide nanotube 
on Ti which brings benefit not only for promoting bone cell growth, but has 
newly been proved to enhance endothelial cell growth and prevent smooth 
muscle cell growth (Lily et al., 2009). Therefore, the titanium nanotube may 
be applied in both orthopedic and cardiovascular devices for the surface 
biomimetic modification. The other direction is the surface immobilization 
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of biomolecules to mimic the role of the molecular structure of ECM to the 
cells. The cell adhesive molecules in the ECM, such as RGD, fibronectin 
(FN) and laminin (LN), can specifically recognize cells and promote their 
growth, and therefore the binding of those molecules on titanium surfaces 
can significantly promote cell growth. It is expected that combining the 
topography and biomolecular modification to materials surface can be more 
prospective to the surface functionization of titanium and produce more 
closely ideal Ti implants for human health care. 
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Plasma electrolytic oxidation and anodising of 
aluminium alloys for spacecraft applications 


S. SHRESTHA, Keronite International Ltd, UK, and 
B. D. DUNN, European Space Agency, The Netherlands 


Abstract: This chapter describes an environmentally safe and emerging 
surface technology for aluminium alloys commonly known as plasma 
electrolytic oxidation (PEO). Although anodising is commonly used on 
aluminium alloys, there are recent issues related to both environmental 
legislation and the need for more durable, multi-functional surface 
characteristics. In particular, spacecraft hardware must survive environments 
at the launch-site, during launch, in space and during re-entry to Earth. 
The chapter provides results from various laboratory tests following the 
space industry standards. The PEO process is compared to a conventional 
anodising process. A number of applications and case studies are finally 
introduced. 


Key words: plasma electrolytic oxidation, anodising, thermo-optical 
properties, fretting and impact wear, cold welding. 


18.1 Introduction 


Surface treatments such as chemical conversion, laser enhancement, thermal 
spraying, plating, physical vapour deposition (PVD), and organic finishing 
methods are all considered for the surface treatment and protection of 
aluminium and other lightweight alloys. These methods are covered in detail 
in various chapters of this book and also in the literatures (Davies, 1993; 
Cramer and Covino, 2005; Reidenbach, 1994; Davenport et al., 2000). This 
particular chapter focuses on an emerging surface treatment process called 
plasma electrolytic oxidation (PEO) together with the very widely adopted 
anodising and hard anodising processes for comparison. Both processes will 
be considered with respect to their properties and their use for spacecraft 
hardware applications. 

Although initial developments in Russia on PEO for aluminium alloys 
date back nearly 35 years (Markov et al., 1976), this technology is receiving 
a widespread interest outside Russia only during recent years. PEO has been 
researched in academia (Yerokhin et al., 1999; Curran and Clyne, 2005, 
2006; Monfort et al., 2006, 2007) and is successfully being commercialised 
by industries under the trade names of Keronite and Keplacoat. Its growing 
portfolio of applications includes the space and aerospace industries (Suminov 
et al., 2005; Shrestha et al., 2003, 2006; Choppy et al., 2007), automotive 
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(Rao et al., 1997; Mistry et al., 2008; Dahm ef al., 2009; Shrestha et al., 
2006, 2007), oil and gas, textile (Yerokhin et al., 1999), computing/ 
communications/consumables (3Cs), ship-building, medical devices and 
bio-medical equipment, as well as the packaging industries. 

While black-anodising and hard-anodising have been used to-date on 
aluminium alloys in various space and aerospace applications, this chapter 
will attempt to highlight some key benefits of the emerging PEO technology 
that can offer enhanced properties required for future launchers, space 
transportations vehicles, and satellites. Stringent environmental legislation 
can mean that the electrolytes used for anodising processes may be either 
restricted, or difficult to dispose of after use. Of greater consideration will 
be the increasing requirements for superior performance, greater durability, 
and a need for multi-functional surfaces. 


18.2. Aluminium (Al) alloys for aerospace 
applications 


Aluminium is the world’s second most produced metal, after iron, and 
its usage continues to increase (Fig. 18.1). Another significant fact is that 
the use of recycled aluminium is also growing steadily and accounts for 
nearly 30% of the production of primary metal (Anon., 1997). The wide 
variety of applications that have been developed with aluminium, and the 
sustained rise in consumption, are due to a number of deciding factors when 
designers, manufacturers and users come to select materials. Aluminium’s 
main advantages include: lightness, high specific strength, high thermal and 
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electrical conductivities, good formability, excellent machinability, corrosion 
resistance depending upon environment, diversity of aluminium alloys, 
extensive range of forms and options (e.g. rolling, extrusions, stampings, 
forgings, and castings), and suitability for a diverse range of joining techniques, 
surface treatment and recyclability. 

Design engineers employed in the space industry are continually 
attempting to reduce the weight and improve the strength of the structures 
and piece-parts used in the construction of launchers and satellites — each 
component for space applications can be a candidate for weight-saving. 
Lightweight materials such as aluminium alloys are primarily used with a 
view to minimise fuel consumption and associated launch costs; their use will 
enable a larger, more efficient payload to be flown, possibly with improved 
performance. Light alloys, such as those composed of mainly aluminium 
with the addition of other elements such as beryllium, magnesium, copper 
and zinc, are of particular interest for use in spacecraft components due 
to their light weight and high specific strength. Also, aluminium alloys 
respond well to low temperatures and, unlike steels, they have no transition 
temperature between ductile fracture and brittle fracture at low temperatures 
(Anon., 1997). These alloys and their surface coating requirements have 
been reported in relation to the James Webb Space Telescope (JWST) near 
infra-red spectrum (NIRSpec) cryogenic light shield mechanism (Sharma, 
2007), PLANK telescopes (Barucci et al., 2003), cryogenic tanks for launch 
vehicles (Nebiolo et al., 2001) and shuttle orbiter (Dunn, 1984). Tensile 
strength values for some typical commercial alloys are shown in Fig. 18.2. 
The reduction in strength with increase in temperature is quite pronounced. 
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78.2 Variations of ultimate tensile strength (UTS) of aluminium alloys 
at different temperatures. Values at 100°C are after 1000 h of heat 
treatment (Source: Pechiney Rhenalu). 
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In addition to standard alloys, more recent alloy developments include the 
following: 


e Additions of lithium to aluminium for increased mechanical performance 
and a decrease in density 

e Reinforced alloys (e.g. metal matrix composites - MMC) consisting of 
aluminium alloys reinforced with whiskers, metal wires, boron or carbon 
fibres 

e Sandwich material, e.g. Al-alloy sheets with layers of fibre-reinforced 
polymer composite in between (Fibre metal laminates — FML) 


Basic properties of some commonly used aerospace-grade aluminium alloys 
are given in Table 18.1. A list of aluminium alloys that have been approved 
for space applications are given in Table 18.2. 

For space applications, aluminium alloy forgings, extrusions and plates 
are used mainly in primary and secondary structures. Aluminium tubes may 
be used as heat distribution pipes and plumbing, and other applications will 
include boxes for the housing of electronic systems. Aluminium alloy AA2219 
was used extensively throughout the modular pressure shell and Igloo structure 
for the Spacelab project of the European Space Agency (ESA), due to its 
mechanical strength, good weldability, fracture toughness and resistance 
to general corrosion and stress corrosion cracking (Dunn, 1984; Dunn and 
Stanyon, 1997). It is now a preferred alloy for launch vehicles and manned 
spacecraft such as the various modules of the International Space Station 
(SS) shown in Fig. 18.3. 


18.3. Requirements from engineering components in 
space 


Protection of aluminium alloys and their successful long-term applications in a 
space environment present a number of challenges and stringent requirements, 
e.g. resistance to corrosion prior to launch, corrosion fatigue, stress corrosion 
cracking (SCC), galvanic or bimetallic corrosion (Dunn, 1984; Rooij, 
1989), cold welding, fretting and impact wear (Merstallinger et al., 2003). 
Coatings may be of organic or inorganic type; they are generally applied 
to offer surface protection to the underlying light alloys and for achieving 
additional surface characteristics, e.g. thermo-optical properties with desired 
absorptance and emittance values, and for applications concerned with low 
earth orbit (LEO) environments. 

Equipment inside the manned habitats of the International Space Station 
(Fig. 18.3) can experience humidity levels up to 70% RH. It should also be 
remembered that most space launch vehicles, including the shuttle orbiter 
(Fig. 18.4) are stored for long periods in warm, humid environments (both the 
Kennedy Space Centre and the Guyanese Space Centre are sited in tropical, 
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Table 18.7 Aluminium alloys used in space applications (all data are for room temperature) (Source: ECSS-O-70-71A rev 1) 


Material 


ISO Al 99.5 


ISO AlCu4Mg1 
ISO Al Mg2 
ISO Al MgSi 
AA2190 


AA2195 


AA2219 


AA2618 


AA7075 


Chemical composition 


99.5% Al 


4.5Cu 1.5Mg 0.6Mn Bal.Al 


1.7-2.4Mg Bal.Al 


0.4-0.9Mg 0.3-0.7Si Bal.Al 


2.7Cu, 0.25Mg 2.25Li, 
0.12Zr Bal. Al 


4Cu 1.0Li 0.4Mg 0.3Ag 


0.15Zr Bal. Al 


5.8-6.8Cu 0.2-0.4Mn 
Bal. Al 


0.1-0.25Si 0.9-1.3Fe 
1.92.7Cu 1.3-1.8Mg 
0.1Zn 0.9-1.2Ni 
<0.1Ti Bal.Al 


5.6Zn 2.5Mg 1.6Cu 
0.3Cr Bal.Al 


Specific 
gravity 


2.71 


2.77 
2.69 
2.7 


2.5-2.6 


2.55-2.6 


2.84 


2.76 


2.8 


Ultimate 
tensile 
strength 
(MPa) 


75-146 


385-495 
180-250 
155-210 
455 


172-476 


441 


400-650 


Proof 

stress 
(0.2%) 
(MPa) 


55-133 


260-470 
87-190 
90-180 
455 


340-595 


Elongation Thermal 


at break 
(%) 


25 


3-16 


16 
8-14 


7-20 


10 


3-8 


conductivity 


(Wm1 °C1) 
230 
150-180 
155 
197-201 
116-170 
134 


Atmospheric Typical applications 


corrosion 
resistance 


Good 


Poor 


Moderate 


Poor 


Poor 


Poor 


Poor 


Light reflectors, heat 
exchangers 


Aircraft structures 
and cryogenic 
tankage structures 


Aircraft and spacecraft 
structures, cryogenic 
tankage structures 


Aircraft and spacecraft 
structures 


Aircraft and spacecraft 
structures 


Aircraft structural 
parts and other highly 
stressed applications 
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Table 18.2 Alloys with high resistance to stress corrosion cracking. These materials 
should be used for space applications. For aluminium alloys with other heat 
treatment, detailed justification for use shall be provided. (ECCC-Q-70-36A, 1998) 


Wrought"? Cast 

Alloy Condition Alloy? Condition 
1000 series All 355.0, C355.0 T6 

2011 T8 356, A356.0 All 
2024, rod bar T8 357.0 All 

2219 T6, T8 B358.0 (Tens-50) All 

(E) 2419 T8 359.0 All 

(E) 2618 T6, T8 380.0 A380.0 As cast 
3000 series All 514.0 (214) As cast® 
5000 series All*# 5 518.0 (218) As cast® 
6000 series All 535.0 (Almag 35) As cast® 
(E) 7020 T6® A712.0, C712.0 As cast 
7049 T73 

7149 T73 

7050 T73 

7075 T73 

7475 T73 


1 Mechanical stress relieved (TX5X or TX5XX) where possible 

2 Including weldments of the weldable alloys 

3 The former designation is shown in parentheses when significantly different 

“ High magnesium content alloys 5456, 5083 and 5086 should be used only in 
controlled tempers (H111, H1112, H116, H117, H323, H343) for resistance to stress 
corrosion cracking and exfoliation 

5 Alloys with magnesium content greater than 3.0% are not recommended for high 
temperature application, 66°C and above 

® Excluding weldments 


maritime locations). Similarly, equipment and spacecraft frequently have 
to be stored at these potentially corrosive sites for considerable periods of 
time. Manned launch vehicles and those spacecraft that return to earth during 
several missions are often exposed to appreciably corrosive environments. 

During space flight, the repetitive mechanical contacting of aluminium 
alloys either with similar materials or with dissimilar materials in vacuum 
can lead to seizure by cold welding. Mechanisms and parts that suffer 
from cold welding can include hold-down points, end-stops (Fig. 18.5), 
bolted/riveted/pinned/keyed or press-fitted areas, couplings, bearings, 
clutches, spindles and seals; and base plates, universal joints and shackles. 
Cold welding can result from contact surfaces that impact or fret against 
each other. Consequently, surface coatings are required to offer functional 
properties including stability in vacuum, resistance to thermal shocks, UV 
degradation, debris formation, out-gassing, high humidity, atomic oxygen 
and dielectric characteristics. 
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18.3 A view of the International Space Station (ISS). The structural 
skins of all the modules are constructed from either AA7075 or 
AA2219. These have been delivered by US, European and Japanese 
companies (Source: European Space Agency). 


18.4 AA2219 was the major structural material for the NASA Orbiter 
(Dunn, 1984). 
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18.5 Mechanism of a satellite anchor malfunctioned due to cold 
welding (Merstallinger et a/., 2003). 


18.4 Advanced coatings and multi-functionality 


Hard coatings are generally considered to offer protection from corrosion, 
wear, cold welding and other functional requirements, but due to their 
generally brittle nature they rarely offer any improvement in strength. In 
fact, anodic coatings in general reduce the fatigue strength of components 
and structures. However, if the coating is deemed to protect the aluminium 
substrate from corrosive pitting or exfoliation, then it can be considered as 
preventing the premature failure of engineering components as a consequence 
of the corrosive environment. Spacecraft components require multifunctional 
properties, as shown in Fig. 18.6, and it is often difficult to achieve these 
multiple properties from one surface coating type. In this respect, often a 
variety of surface engineering processes are considered for light alloys, which 
include anodising, chemical conversion, metallic coatings, thermal barrier, 
thermo-optical coatings, etc. While a number of existing coatings do offer 
reasonably satisfactory characteristics, the search for modern and advanced 
coatings continues with the aim of delivering multi-functionality for use in 
extremely demanding environments. 
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Wear, e.g. 


fretting, impact, 
sliding, F ; ; 
Cold welding/ | friction etc Dielectric/electrical 
Seizure conductance 
Pre-treatment for Thermal 
paints/adhesive Aluminium conductance/barrier 
, alloys 1 
Corrosion, e.g. general, Thermo-optical properties, 
SCC, galvanic, fatigue e.g. solar absorptance, 
Environmental ; thermal emittance 
degradation, e.g. pepe and 
humidity, thermal feacita te 
shocks, UV, atomic t 19 ti 
oxygen in LEO contarnaton 
at sensitive 


and operational 
surfaces 


78.6 Multifunctional properties required from surface coatings on 
aluminium alloys used in spacecraft hardware. 


18.5 Environmental aspects of engineering 
components in space 


Environmental legislations in the space industry continue to become more 
stringent with prohibition imposed by EC directive 2002/95/EC on surface 
finishing for aluminium alloys that uses Cr*®. The most often used corrosion 
protection layer, a chemical conversion coating that can be easily applied 
by dipping or painting, is known commercially as Alodine 1200. This layer 
is used on all aluminium alloys as a base for paint systems, but it does 
contain Cr*®. While space hardware is still exempted from the Restrictions 
of Hazardous Substances (RoHS) directive, space agencies such as ESA 
and NASA are actively seeking to comply with RoHS (Rohr ef al., 2008). 
Recently, extensive studies have been conducted by ESA in order to find 
suitable chemical conversion coatings that are free from Cr*°. New chemical 
conversion coating products that comply with RoHS, such as Alodine 5700, 
Nabutan and Iridite NCP, which have no Cr*® content, have been tested but 
do not provide suitable protection for spacecraft hardware (Pereira et al., 
2008). 

Conventional black-anodised coatings with organic dyes used as spacecraft 
thermal control materials do not have thermo-optical stability after prolonged 
exposures to a space environment. The recommended black anodising uses 
nickel sulphide or cobalt sulphide as an inorganic black dye (ECSS-Q-ST-70- 
03C, 2008) and other chemicals that are quite toxic and considered harmful 
to the environment. Furthermore, hard anodising techniques employ large 
quantities of strong acids and, once used, they are difficult to dispose off as 
they contain high levels of total dissolved solids (TDS). Consequently, there 
exists a need to identify new coating processes that can meet the requirements 
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of recent environmental legislations and the desire for increased performance 
and multi-functionality. 


18.6 Most commonly used coating processes for 
Al alloys 


18.6.1 Anodising 


Anodising process is covered in greater detail in Chapter 4. This section 
highlights only some general aspects of the anodising process relevant to 
space hardware coating. Anodising is an electrolytic process for producing 
thick oxide coatings, usually on aluminium and its alloys. The oxide layer 
is typically 5 to 251m in thickness and is used to give improved surface 
resistance to wear and corrosion, or as a decorative layer. During the process, 
the component to be treated is made an anode in acid solutions normally 
under DC voltages. Oxidation occurs at the component surface, resulting 
in the formation of a coherent oxide film that is adherent to the underlying 
metal substrate. In the space industry, the final objective for many aluminium 
structures and sub-systems is that they possess black finishes with defined 
optical characteristics, especially absorption—-reflectance ratios (e.g. alpha/ 
epsilon). Before anodising can be undertaken, the aluminium alloy surface 
needs to be given a pre-treatment. This pre-treatment will influence the 
final appearance and properties of the anodised coating. The types of pre- 
treatment can range from mechanical processes such as abrasive polishing, 
to chemical treatments such as chemical brightening or electrolytic polishing. 
In addition, any machining, drilling or welding of the component should be 
carried out before anodising. Extensive information on anodising and hard 
anodising can also be found in the literature (Sheasby and Pinner, 2001; 
MIL-A-8625F, 1993). 

One type of electrolyte solution commonly used with the anodising process 
is a 10-15% solution of sulphuric acid at 25°C. This electrolyte gives a coating 
formation rate of about 25 1m/hr. These conventional anodised coatings are 
porous and clear, and are normally used with inorganic dyes in applications, 
for example, to manage passive thermal control on spacecraft for avoiding 
stray light in optical instruments. Recently, black anodised (following ESA 
ECSS-Q-ST-70-03C, 2008) 2xxx and 7xxx series aluminium alloys have been 
reported to have premature failures due to spalling of the anodised coating 
after thermal cycling. Such coating degradation could generate particulate 
contamination in satellites and might affect mission lifetime (Goueffon et al., 
2009). Black anodising, as a process, is suitable for unalloyed aluminium or 
alloys with less than, individually, 5%Cu, 6%Zn or 5%Si (ECSS-Q-ST-70- 
03C, 2008). This means that the alloy type AA2219 with Cu 5.8-6.8% (see 
Table 18.1) would result in a coating that would not meet the space hardware 
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requirements with respect to corrosion, humidity, adhesion and exposures 
to thermal cycles (Corocher and Martin, 2004). Experience has shown that 
the alloy AA7075, which has a zinc content close to 6%, can also produce 
coatings that are of poor quality and are liable to spall off (Goueffon et al., 
2009). 

‘Hard anodising’ refers to the preparation of thicker oxide coatings, 
typically > 25m, with higher hardness of typically 250-500 HV; these are 
used to give a wear-resistant surface to aluminium alloys, which is achieved 
by using a sulphuric acid/oxalic acid mixture at higher concentrations and 
at lower temperatures of about 0-10°C. The coatings produced are grey to 
black in colour and are less-porous than with conventional anodising. Not 
all aluminium alloys can be hard anodised. The 5xxx and 6xxx series alloys 
respond well to hard anodising, whereas 2xxx, 7xxx alloys and others, 
including casting alloys with high copper and silicon contents, do not. For 
these higher silicon and copper-containing alloys, the anodised layer tends 
to be highly porous and of low hardness. For example, the hard anodised 
coating on an alloyed aluminium such as AA2024/AA7075 will have a 
hardness of about 250 HV compared to 700 HV for that on a less alloyed 
material (Wang ef al., 2000). Thus, high strength alloys of 2xxx and 7xxx 
series will have poorer corrosion and wear (impact, fretting, and abrasion) 
resistance, due to pores and defects in the anodised layer. Coating thicknesses 
vs Knoop indentation lengths for hard anodised coatings are shown in Fig. 
18.7, which shows hardness values for the coating on the AA20724 alloy to 
scatter over a wide range. 

Hard anodising often gives a relatively low cost, wear-resistant coating that 
can be applied to aluminium alloys and is particularly suitable for protecting 
against low-stress abrasion. As a result, hard anodised coatings are frequently 
used with aluminium components in sliding systems. These coatings also 
have some use for protecting aluminium components that experience fluid- 
assisted wear, slurry erosion, solid particle erosion and liquid erosion. They 
are also resistant to many chemicals with the notable exception of alkalis. 
Anodising is not used for impact wear applications due to the brittle nature 
of the coating. 


18.6.2 Plasma Electrolytic Oxidation (PEO) 


Details on fundamentals, processing, properties and general applications 
of PEO coatings are covered in Chapter 5. This section highlights some 
basics of PEO that are relevant, in general, to space applications. PEO is 
an emerging technology and offers versatility in terms of coating a range of 
aluminium alloys, including those with high Cu, Zn or Si content in all forms, 
such as cast, extrusions and sheets. There are some similarities between the 
anodising and the PEO processes, since both are electrolytic bath processes 
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18.7 Hard anodised coating thickness vs Knoop indentation length 
(Sheasby and Pinner, 2001). 


that involve oxidation of the substrate. However, the similarities end there. 
Major distinctions remain in the use of electrolyte formulations, electrical 
parameters, co-deposition from the electrolyte and the presence of genuine 
plasma chemistry at the surface of the part. The PEO process results in the 
formation of primarily crystalline-based ceramic coatings. The term ‘ceramic’ 
comes from the Greek word ‘keramikos’, which means ‘burnt stuff’, and 
its use indicates that enhanced properties of PEO coatings similar to that 
of ceramics are achieved through high-temperature of plasma chemical 
reactions in a specially formulated electrolyte where discharge temperatures 
of around 10 000°C have been reported (Yerokhin er al., 1999). On one 
hand, electrolyte constituents are important which allow complex interactions 
such as ionic, charge and mass transfers to occur, resulting in the formation 
of specific oxides/phases. On the other hand, electrical parameters such as 
voltage, frequency, current, pulse shape and time, play important roles in the 
subsequent voltage breakdown, local melting and oxidation of the substrate, 
molten pool formation, quenching and re-crystallisation processes. 
Coating of aluminium alloys by plasma electrolytic oxidation involves 
the creation of a plasma discharge around a component immersed in an 
electrolyte (Fig. 18.8), most successful being alkaline types but also can 
be extended to various acidic forms (Yerokhin et al., 1999). Compositions 
and concentrations of the electrolyte constituents are proprietary to the 
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18.8 Plasma electrolytic oxidation of a component immersed in 
electrolyte. 


commercial companies, such as Keronite International Ltd, and are often 
reported to be of low concentration alkaline type of typically < 4% of total 
dissolved solids (TDS). However, there are a growing number of research 
publications where various salt compositions have been reported (Yerokhin 
et al., 1999; Suminov, 2005; Rama Krishna et al., 2006; Curran and Chyne, 
2006; Godja, 2009). Obviously, secret to the formation of optimised coatings 
and successful industrial exploitations will include: electrolyte recipe with 
long electrolyte life and electrical process parameters, followed by other 
engineering aspects such as jigging techniques, electrolyte flow management, 
and counter electrode management. The mechanism of oxide layer formation 
during the PEO process represents complex combinations of oxide growth, 
with subsequent fusing and re-crystallisation of the oxide film, and also 
involves partial substrate metal dissolution at microscopic levels. While 
the PEO process can be considered very aggressive due to occurence of 
extensive plasma discharges on the surface and oxide eruptions at very high 
local temperatures and pressures (T ~ 107°C and p ~ 10? GPa, Yerokhin 
et al., 1999), these discrete processes occur at microscopic levels and the 
treated component, including the working surface, encounters negligible 
heat-affected zones or distortion. The process temperature and the component 
are typically in the range of 12—30°C. The resulting oxidation of the alloy 
surface can also include some elemental co-deposition from the electrolyte, 
creating a ceramic layer that contains both crystalline and amorphous phases. 
Typical process parameters during the Keronite PEO and hard anodising/ 
black anodising of AA7075 alloy are given in Table 18.3. A summary of 
key advantages and disadvantages of the PEO process against hard anodising 
and plasma spray ceramic is given in Table 18.4. 
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Table 18.3 Typical process parameters during Keronite PEO and hard anodising/black anodising of AA7075 alloy 


Coating Aluminium Pre-treatment Coating Total salt Typical Nominal Coating Voltage Current Process Post- Coating Surface 
process alloy electrolyte content pH thickness rate (V) density temp treatment formation appearance 
(%) (uum) (m/min) (A/dm?) (°C) method 
Keronite Often degrease Proprietary <4 7-12 15-60 1-4 200-900 Up to 30 12 to 30 Rinse/ Plasma Grey to 
PEO only is sufficient alkaline free dry/seal oxidation charcoal 
(AC) 7075 of Cr, V, Ni or with black 
other heavy silicate/ natural 
metals sol-gel 
Hard 7075 Degrease and Sulphuric 15-20 <3 < 60 0.8-1 45-50 1-2 -10 to0 Hot water Oxidation Bluish 
Anodising chemical clean acid H»SO, seal without — black 
(DC) in alkaline plasma natural 
solution 
Black 7075 Vapour degrease Sulphuric 12-18 <3 25-35 <1 ~ 50 1-2 25+1 Cobalt Oxidation Black 
Anodising in trichloro- acid H,SO, acetate or without obtained by 
(DC) ethylene, etching nickel plasma inorganic 
in trisodium acetate dye 
phosphate+ solutions 
sodium 


carbonate at 
90-95°C, rinsing, 
deoxidising in 
nitric acid, 
rinsing 


919 
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Table 18.4 Key advantages of PEO vs hard anodising and plasma spray Al,03 on Al alloys 


Advantages 


Disadvantages 


PEO vs hard anodising 


Higher micro-hardness and wear resistance - 
Higher corrosion resistance 

Suitability for a wide range of aluminium alloys - 
including higher Cu (>5%) and Si (up to 25%) contents —- 
Possibility to ensure uniform layer thickness for 
complicated surfaces - 
Room temperature process (electrolyte operational 
temperature in a range of 10-30°C) - 
Faster coating speed/oxidation rate - 
Possibility of retaining initial dimensions of the 

treated parts 

Minimal requirements of preliminary preparation 

of surface before coating 

Environmentally friendly due to use of ecologically 

safe electrolyte that contains no heavy metals 

No cracks around corners or sharp radius 


Higher equipment costs 7 
Supplied as proprietary electrolyte and machinery 
Higher production costs for low volume applications 


PEO vs plasma spraying 


Much higher adhesion because the coating is formed due 
to oxidation of the substrate alloy 

No requirement of surface preparation e.g. by grit blasting 
Possibility to ensure uniform layer thickness for 
complicated surfaces 

Possibility to coat inner surface, holes and geometries 
with restricted access 

Possibility to coat sharp corners 

Investment costs are less than plasma spraying 


Process limited to light alloys only whereas plasma spray 
is suitable for most substrate materials 
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18.7. PEO and anodised coating characteristics and 
properties 


18.7.1 Coating structure 


Structural studies typically show three distinct regions in the coatings produced 
on aluminium alloys by the PEO technique. A schematic representation of 
such a coating type is shown in Fig. 18.9 and optical microscope images of 
the PEO coating on AA7075 alloy are shown in Fig. 18.10a. The outer region, 
which possesses the highest porosity and lower hardness, often referred to as 
the ‘technological layer’, can present 540% of the total coating thickness 
and is typically comprised of fused ceramic a-Al,O3 and other compositions 
formed from the electrolyte. Often for applications involving wear, this 
layer is removed by polishing or honing. Under the technological layer is 


Porosity 
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18.9 Schematic representations of PEO coating structure and 
microhardness. (Suminov et al., 2005). 
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78.10 Evolution in the PEO coating technology: (a) G2 (Lower 
frequency) technology showing porous technological layer and 
a more roughened/etched substrate; (b) G3 (Higher frequency) 
technology with almost no technological layer; (c) hard-anodised 
coating showing large and through-thickness pores and residual 
intermetallic particles within anodised layer. 
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a middle region, with finer microstructure, referred to as the “main layer’ 
or ‘working layer’, which possesses the highest hardness and comprises 
primarily a-Al,O; and y-Al,O3. A very thin layer lies immediately above the 
substrate interface region and is called the ‘transitional’ or ‘barrier’ layer; 
that is extremely well adhered to the base material. The relative sizes of 
the various layers, their structure, porosity, composition and hardness are 
influenced by substrate composition, electrolyte composition and electrical 
process parameters/power supply. Advanced versions, such as the Keronite 
G3 (higher frequency) technology can produce PEO coatings that are much 
denser and have almost no technological layer (Fig. 18.10b). Also, these 
newer modules are capable of producing coatings with near 100% inward 
growth, thus maintaining the initial part dimension and needing only minimal 
post-finishing requirements. Older versions, such as G2 (lower frequency) 
technology, typically result in 50/50 outward/inward coating growth and need 
post-finishing, e.g. polishing, honing requirements such as a cross-section 
shown in Fig. 18.10a. A sulphuric acid, hard anodised coating on the same 
AA7075 alloy is shown in Fig. 18.10c, with an abundance of defects and 
larger pores. Porosity levels of up to 40% for hard anodised coatings have 
been reported elsewhere (Rama Krishna et al., 2006; Sheasby and Pinner, 
2001). Further discussion concerning the coating structures can be found 
in Chapter 4. 

An SEM image of an as-prepared surface of a PEO layer is presented 
in Fig. 18.11, which shows an abundance of spherical and irregular- 
shaped particle-like structures formed during the PEO process. A higher 
magnification SEM image of a PEO coating on AA6082 alloy (Fig. 18.12) is 
typical of this coating type, with the top surface containing an abundance of 
fused ceramic grains in circular and semi-circular shapes. These are formed 
by quenching of erupted molten pools, and the subsequent formation of 
smaller and larger-scale pores, and shrinkage cracks. As-prepared surface 
roughness values of ~1 um Ra down to <0.5 um Ra with certain electrolyte 
types for a 20-30 Um coating thickness are achievable for the PEO coatings 
on aluminium alloys. The layer contains some micro-scale porosity, as 
would be expected from the PEO process, but the coating can be considered 
relatively dense. An as-prepared surface of the hard-anodised layer (Fig. 
18.11) shows edge problems in the form of parallel lines that form vertical 
through-thickness cracks. A typical cross-section of the PEO coating on 
AA7075 alloy at the outer corner/edge is shown in Fig. 18.13a. A typical 
cross-section of a hard-anodised layer on the same alloy (Fig. 18.13b) 
shows the presence of extensive ‘V-shaped’ and ‘columnar’ cracks. These 
cracks are seen through the entire coating thickness and extend down to 
the underlying substrate, and in several areas even expose the bare metal 
substrate. 
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718.11 SEM image showing a sharp edge/corner of the coating on 
AA7075: (top) good and uniform coating retention with the Keronite 
PEO layer; and (bottom) wide-opening cracks with the hard anodised 
layer. Also the hard anodised mimics the machining lines of the 
underlying substrate. 


18.7.2 Mechanical properties 


Aerospace and spacecraft components require high-quality surface finishes that 
are able to survive operational environments. These need to be manufactured 
with processing procedures that provide for consistent, reproducible service 
characteristics. Meeting such requirements is possible with thick oxide 
coatings of up to 100 um thickness with low porosity and low roughness 
— achievable by the PEO process. Considerably higher thickness coatings 
are also possible but these are often of little use for most engineering 
applications due to production time, costs and deterioration in the coating 
quality. A layer thickness of 50-100 um and of very high hardness tends 
to offer very good load support. High hardness of the PEO coatings is one 
of the key features that make the technology attractive where performance 
and durability are critical. The hardness of PEO coatings can be three to five 
times higher than that of hard anodised coatings, with greater differences 
seen on alloys such as 2xxx and 7xxx series. Some hardness values of the 
PEO and the sulphuric acid hard anodised coatings on various aluminium 
alloys are given in Fig. 18.14. Obviously, such high hardness of the PEO 
coatings can be expected due to the presence of a primarily crystalline Al,O3 
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18.12 Secondary electron SEM image of Keronite PEO surface on 

AA6082 alloy showing fused ceramic layer with micro-scale <2 um 
and some larger-scale 5-10 um size porosity and shrinkage cracks 


formed during the PEO process. 
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(a) 
18.13 Optical micrographs of: (a) Keronite coating showing a uniform 
coating coverage and good edge retention; and (b) hard anodised 
coating showing extensive V-shaped through-thickness columnar 
cracks extending down to the substrate on the edge. 
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18.14 Micro-indentation hardness values of PEO and sulphuric acid 
hard anodised coatings on various aluminium alloys. 
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18.15 XRD patterns of the Keronite PEO coating showing the 
presence of crystalline y-AlpO3 and hard anodised coating showing 
the presence of amorphous alumina. 


phase content, compared with the entirely amorphous phase present in the 
hard anodised coating (Fig. 18.15). In addition, oxidation of the base metal 
itself results in the PEO coatings having a very high bond strength. Tensile 
bond strengths of typically 401m PEO coatings have been found to exceed 
80 MPa, which is significantly higher than those of plasma sprayed Al,O3 
on aluminium substrates. Lap shear strengths of thinner PEO coatings (<5 
lum) are typically around 25 MPa, which is similar to those of chromic acid 
anodised coatings (Fig. 18.16). 
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18.16 Bond strength of PEO coatings measured following the 
ASTM-C633-01 (2008) standard. 


18.7.3 Resistance to environmental exposures — 
corrosive, humidity, UV and thermal shocks 


Spacecraft structural components and sub-systems can degrade during many 
phases of their lifetimes. At the launch pads at both the Kennedy space centre 
and the French Guiana site, there is exceedingly high chloride contamination 
due to the seacoast environments. During the launch, there is exceptionally 
high exposure to vibrations and acoustic noise. And finally, in space, all 
surfaces are exposed to thermal cycling under vacuum as the spacecraft is 
heated by the sun then cooled in eclipse. Such temperature excursions can 
be between —50°C and +150°C. 

Hard anodised coatings require inorganic colorant/sealer for use in an 
UV environment and such finish can only be acheved using inorganic dyes 
that have environmental issues. PEO coatings do not require dyes e.g. for 
obtaining black ceramic surface finishes on aluminium alloys. Such black 
PEO coatings have been tested and reported to offer very good resistance 
in UV, humidity and thermal shock environments (Shrestha et al., 2003). 
Such stability to environmental exposures can be expected from PEO 
ceramic coatings owing to the fine-scale porosity and high concentration 
of shrinkage cracks, which create a relatively low global stiffness for PEO 
coatings (an order of magnitude lower than that of fully dense alumina). 
The resulting low residual stress (Curran and Clyne, 2006) and very high 
adhesion of the PEO coatings make them resistant to severe thermal shocks. 
The corrosion resistance of sealed, hard-anodised coatings is generally good 
and can meet the salt fog corrosion resistance of maximum to about 160 h 
for the Cu-containing alloys such as AA7075, whereas the PEO coatings 
perform much better on similar alloys (Shrestha et al., 2003, 2006). Such 
superior corrosion resistance can be expected from PEO coatings due to a 
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denser coating microstructure and the electrochemically neutral nature of 
the ceramic layer with respect to the underlying substrate. This is especially 
marked at corners and edges due to a uniform coverage of the corners and 
edges, whereas hard-anodised coatings are well known to fail prematurely 
due to the above-mentioned truncated and widely opened ‘V’ and through- 
thickness cracks, as shown in Fig. 18.13. 

A typical salt fog resistance of PEO vs hard anodised coatings is shown in 
Fig. 18.17. The data in Fig. 18.18 demonstrate the good corrosion resistance 


iil 


18.17 Surfaces of (a) uncoated; (b) sealed Keronite PEO; and (c) 
sealed hard-anodised coating after 25 thermal shocks between 
-196°C and +100°C followed by 360 h of salt spray exposure. 
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78.18 Corrosion resistance of the coating without damage to the 
coating (subjective rating as per ASTM D1654 to 9*) in a 5 wt% salt 
fog environment. 
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of PEO and anodised coatings on 2xxx or 7xxx series aluminium alloys, 
which otherwise have inherently poor corrosion resistance. The corrosion 
behaviour of PEO coatings on AA2219 alloy has been also demonstrated 
by electrochemical studies, as shown in Fig. 18.19. The very poor corrosion 
resistance of the uncoated alloy was shown by an active response (seen as 
rapid increase of the current density) upon shifting the potential just a few 
milli-volts in the positive direction from the rest potential. The as-prepared 
coatings demonstrated very high corrosion resistance, followed by the 
coating surfaces that had undergone 50 thermal shocks, as shown by their 
passivity, i.e. very small current densities of <0.3A-cm™ and <7uA-cm~ 
respectively. The coating started to display signs of passivity breakdown at 
potentials significantly higher than the free corrosion potential. 


18.7.4 Fatigue and corrosion fatigue 


As stated in the previous section, spacecrafts during launch are subjected 
to high vibrational loads that can lead to the fatigue failures of aluminium 
alloy structures. Hard anodising can reduce the fatigue strength by up to 
50%, with the columnar cracks considered partly responsible by acting as 
stress raisers. While there are not many published data available, it is often 
mentioned that fatigue reductions with PEO coatings are substantially lower. 
Rotating bending tests with Keronite PEO coated AA7075 alloy had a fatigue 
reduction of < 15% (Poeton, 2008) and of < 10% for Keronite PEO treated 
Mg alloys (Yerokhin et al., 2004). The fatigue problem is even worse when 
corrosion is present and this results in substantially premature failures due 


750 
PEO coating 

500 4 
o 
8 250 
€ PEO coating after 
= o4 thermal shock 
oO 
: 
5 -250- 
a 

Uncoated alloy 
-500 - Po 
ee 


0.001 0.01 0.1 1 10 100 1000 
Current density (uA/cm?) 


18.19 Electrochemical corrosion behaviour of the Keronite PEO 
coating on AA2219 alloy in as prepared condition, after 50 thermal 
shocks (—193°C liquid nitrogen and +100°C boiling water) and the 
uncoated alloy. 
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to the corrosion-initiated pitting of engineering components. Surfaces of 
2xxx series aluminium alloy after 24 h exposure to Swt% atomised NaCl 
fog to ASTM B117, shown in Fig. 18.20, clearly indicates that significant 
corrosion protection is offered by a thin layer of PEO coating. Three-point 
bending fatigue test results of the uncoated; the uncoated + pre-corroded 
(24 h salt fog); the PEO coated; and the PEO coated + pre corroded (24 h 
salt fog) specimens are shown in Fig. 18.21. The Y axis on the box plots 
is the number of cycles to failure and the distribution of the whole test 
population is represented by the vertical line. The box represents 50% of 
the population (i.e. from the 25th percentile to the 75th percentile) while 
the line in the middle is the median line (i.e. the 50th percentile). The plots 
in Fig. 18.21 show that the fatigue life after corrosion significantly drops 
for the uncoated samples while for the PEO coated sample the fatigue life 
remains very similar, showing that the exposure to corrosion does not affect 
the fatigue life when the coating is present. However, some fatigue reduction 
due to the coating was evident when compared to the uncoated alloy. 
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18.20 Surfaces of (a) uncoated 2xxx series Al-alloy fatigue test 
specimens showing extensive corrosion; (b) Keronite 5-7 um 
thickness coated (with mild corrosion); and (c) Keronite 3-5 um 
sealed (with no visible corrosion), after 24 h of exposure to a 5 wt% 
atomised salt fog environment to ASTM B117. 
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18.21 Box plot data showing number of cycles to failure for fatigue 
samples (alloy 2xxx series): uncoated, uncoated + pre-corroded, PEO 
coated, PEO coated + pre-corroded. Pre-corrosion means 24 h of 
exposure to a 5 wt% atomised salt fog prior to fatigue tests. 


18.7.5 Wear and friction 


The very high hardness of the PEO ceramic accompanied by fine-scale porosity 
(Curran and Clyne, 2006) and low global stiffness (EF ~ 30GPa, Curran and 
Clyne, 2005) offer these coatings superior abrasive wear resistance when 
compared to hard-anodised coatings (Fig. 18.22), comparable to that of WC- 
based composites, boride diffusion coatings and corundum (Fig. 18.23). 

The friction coefficients of PEO coatings on Al-6%Mg alloy against 
carburised or nitrided steel in lubricated reciprocating sliding wear tests 
under extreme pressures (from ~222 — 2923 MPa) were reported to be 
~ 0.15 over 150 m of sliding distance (Dearnley et al., 1999). The authors also 
reported that, even when the maximum sub-surface shear stress was located 
beneath the coating layer, and was sufficient to cause plastic deformation of 
the aluminium alloy, no collapse of the coating took place. 

The friction coefficient of ceramic-to-ceramic in an un-lubricated condition 
is usually high, and for the Keronite PEO coating against itself has been 
reported to be about 0.5-0.6 (Shrestha et al., 2003). Such high friction 
can be substantially reduced to an extremely low value of about 0.04 by 
impregnating the porosity in the coating with, for example, solid lubricants. 
Keronite PEO composite coatings where the natural pores that are present 
in the PEO coating are impregnated with solid lubricants such as MoS, or 
PTFE have been developed to provide tribological surfaces with very low 
sliding friction coefficients, maximum resistance to wear, minimum debris 
generation, vacuum compatibility, resistance to thermal shock and with 
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18.22 Volumetric abrasive wear rate of PEO and hard-anodised 
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coatings in comparison with AA6061 alloy at 1 N normal load (Rama 


Krishna et al., 2006). 
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thermal conductivity better than plastics (Fig. 18.24). Recently, Instituto de 
Astrofisica de Canarias (IAC) and Keronite have undertaken a co-operative 
research on cryogenic, plain sliding bearings. 


18.7.6 Fretting, impact and cold welding in vacuum 


On spacecraft, a variety of engineering mechanisms exhibit ball-to-flat 
surface contacts, which are periodically closed and opened several thousand 
times. Vibrations occurring during launch or during movement of, e.g. 
antennas in space, can lead to small oscillating movements in the contact 
area, which occurrence is referred to as ‘fretting’. This ‘fretting’ movement 
can eventually degrade the space mechanism’s surface layers, whether they 
are natural oxides, chemical conversion films or even metallic coatings. 
The lateral motion causes severe destruction of the contact areas, resulting 
in an increase of adhesion forces between the mating parts. In turn, this 
dramatically increases the tendency of these contacting surfaces to experience 
‘cold-welding’ (i.e. adhesion or galling), which may lead to eventual failure 
of the space mechanism (Merstallinger et al., 2003). 

The Keronite PEO ceramic surface on AA2219 alloy, after fretting tests 
against a 52100 steel ball in vacuum, was shown to have very low adhesion 
(Fig. 18.25). Adhesion values of the Keronite PEO coated AA2219 against 
a 52100 steel ball and of NiCr plated AA7075 against an anodised AA7075 
are similar. An aluminium alloy without a coating results in extremely high 
adhesion after fretting. The Keronite PEO coating surface against itself 
displayed a higher adhesion than against a steel surface by about three 
times. Despite the low adhesion values displayed by the Keronite and hard 
anodised coatings against steel surfaces, the Keronite PEO coating displayed 
superiority over the anodised coating in terms of surface wear. The Keronite 
PEO coating showed no sign of surface damage, whereas the anodised 
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18.24 Friction coefficient of Keronite PEO composite coating after 
sliding wear tests in a cryogenic environment (Shrestha et al., 2006). 
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718.25 Adhesion measured during fretting tests. (Merstallinger et al., 
2003). 
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18.26 Surface after fretting test of: (a) Keronite coating (no visible 
damage); and (b) anodised coating (showing extensive surface 
cracks). 


coating displayed extensive cracking and chipping of the coating surface in 
a fretting environment. The differences in the damage mechanisms between 
the Keronite PEO and anodised coating surfaces are shown in Fig. 18.26. 


18.7.7. Thermo-optical properties 


Spacecraft and scientific instruments usually contain electronic hardware, 
including sensitive detectors that require good thermal management (see 
also Section 18.3) Thermal control coatings, thermal blankets and electric 
heaters are some methods used to control component temperatures in space. 
The operating temperature of a spacecraft is determined by the direct heat 
input from the sun, the reflected solar energy from the earth, the background 
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temperature of space, the internal heat generated by the spacecraft and the 
emittance and absorptance of spacecraft surfaces. Predicting the operating 
temperature of the spacecraft therefore requires knowledge of the thermal 
properties (absorptance and emittance) of the coatings used. In addition to 
these basic requirements, it is usually necessary to be aware of other spacecraft 
requirements such as spacecraft charging, and particulate and molecular 
contamination requirements, in order to choose the proper thermal control 
coating. It is also important to know how the coating properties will degrade 
throughout the life of the spacecraft due to exposure to UV, high energy 
protons and electrons, low energy solar wind protons, and contamination from 
other parts of the spacecraft. The practice for the selection and application 
of thermal-control coatings includes data on absorptance and emittance of 
particular thermal-control materials (Anon., 1995), which are determined 
and verified by testing in space-simulated environments to various standards, 
e.g. ECSS-Q-ST-70-09C, 2008. 

The colour, surface roughness and the thickness of the coating can have 
significant effect upon its emittance and absorptance, in addition to its 
degradation in space conditions. Black anodised coatings prepared by the 
incorporation of inorganic dyes (Ni acetate/Co acetate) do not have stable 
thermo-optical properties upon exposure to space environments. Plasma 
electrolytic oxidation offers unique opportunities to create optically black 
coatings on a variety of aluminium alloys in relatively benign electrolytes. 

Keronite PEO coatings on Cu-containing aluminium alloys, such as 2219 
and 7075, are grey black, and these have been extensively studied by ESA 
as thermal-control coatings. Such coatings have high absorptance (a = 0.8) 
and emittance (€ = 0.7), and these values remain stable after exposure to 
a variety of simulated space conditions. However, this process is limited 
to alloys containing high Cu. Recently there has been growing interest 
within space industries for black-finish coatings on other aluminium alloys. 
Keronite International Ltd. has recently developed an industrial-scale new 
PEO process capable of producing a charcoal black finish on most wrought 
and some cast aluminium alloys. Unlike the standard PEO process, this new 
process converts the aluminium alloys into a black finish and the resulting 
surface characteristics and properties are not dependent on the substrate alloy 
composition or on any post-dyeing. Also, the new black PEO coatings have 
higher absorptance (a = 0.9) and emittance (€ = 0.8). This coating surface also 
has a very low reflectance of <0.1%. This reflectance value is less than the 
reported reflectance values for super black Ni-P coating and is significantly 
less than that for a black sulphuric acid anodised coating and black paints. 
A typical SEM image of this new black Keronite surface is shown in Fig. 
18.27, and some properties of the various PEO coatings and the anodised 
coatings are shown in Table 18.5. 
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18.27 SEM image of black Keronite on AA6060 alloy showing coating 
surface morphology with crater-like porosity. 


18.8 PEO applications 


Keronite PEO coatings have been extensively evaluated by ESA for spacecraft 
material applications as thermal-control coatings. Studies have been made 
also for cryogenic bearing applications (Fig. 18.28) and for satellite optical 
equipment (Fig. 18.29), with extremely good results. Several other studies 
for various space and aerospace applications are currently underway on 
Keronite PEO coated parts including sun sensors (Figures 18.30 and 18.31). 
Centre National d’Etudes Spatiales (CNES), ESA, University of Southampton 
and Office National d’Etudes et de Recherches Aérospatiales (ONERA) 
have participated in a cooperative effort to develop a test-bed called the 
Material Exposure and Degradation Experiment (MEDET). Keronite coated 
thermal-control micro-calorimeters are now mounted on the MEDET flight 
hardware (Fig. 18.32) that is located on the external payload facility of 
ESA’s Columbus Laboratory on the International Space Station (ISS) since 
February 2008 (Duzellier et al., 2008). 


18.9 Summary 


PEO technology is already in use for a number of high volume/low cost 
applications and as a replacement for hard anodising. Also, from the preceding 
sections in this chapter, it can be seen that this technology does offer unique 
benefits for high-performance space components and piece parts. In similar 
applications, hard anodising would not meet similar stringent requirements. 
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Table 18.5 Characteristics of Keronite PEO and anodised coatings on aluminium alloys 


veg 


Coating type Alloy Colour T $ Ra P XRD (HVo.95) SS (as) (eq) R UV vo TSR Other Environmental 
(um) (um/ (um) (%) (hrs) (%) (TML -196 to features impact 
min) %) +100°C 
Keronite 2219-T6 Grey to max.60 1-2. 1-1.6 <5 Mostly 1200- > 360 0.88- 0.71- - Pass - Yes Easily None 
black charcoal crystalline 1550 0.89! 0.75 coatable 
Type 1 black alumina 
Keronite 7075-T6 Grey to max.60 1-2 <1 <2 Mostly 1600- >360 0.81- 0.70- - Pass <0.1 Yes Easily None 
black /17351 charcoal crystalline 1650 0.837 0.72 coatable 
Type 1 black alumina 
Keronite 2195 Charcoal max.50 3.5 <1.2. <5 Mostly 1300 >96 0.88- 06- - Pass - Yes Easily None 
black crystalline -1590 0.899 = 0.7 coatable 
Type 1 alumina 
Keronite 6082-T6 Charcoal max.25 4 1-1.5 30- Mostly 500- > 10000.944 0.84 0.1 Pass - Yes Easily None 
new black black 50 amorphous 1000 coatable 
Type 2 alumina and 
consistent 
properties 
with 
different 
types of 
alloys 
Hard 7075-T6 Light max.60 0.8-1 <1 14— Amorphous 400- <360 0.84- 0.86- - - - Yes Problems _ Large quantity 
anodising grey 20 alumina 420 0.897 0.88 with Cu, _ of strong 
resulting acids 
in high 
porosity 


level 
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Black 7075-T6 Charcoal max.35 — - - Amorphous — - 0.85- 0O5- - - - - Problems Harmful 


anodising black alumina 0.975 0.81 with Cu, substances, 
(high = (high results in e.g. nickel 
scatter) scatter) extensive acetate and 
cracking cobalt acetate 
and difficult 
to control 


SS - ASTM B117; TSR - thermal shock resistance, UV resistance - grey scale rating > 4, T- thickness; P — porosity; ag - solar absorptance; e, — infrared 
emittance; R - reflectance; VO —- Vacuum out-gassing; S — coating speed 

1 Shrestha et al., 2003 

2 Shrestha et al., 2006 

3 Polsak A, 2008 

* Shrestha and Dunn, 2007 

5 Corocher and Martin, April 2004 
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18.28 Keronite composite coating on AA6061 alloy for EMIR GRISM 
cryostat wheel bearing used for space observation. The coating was 
extensively evaluated for wear resistance, debris formation, stick-slip 
behaviour, ultra-low friction. 


18.29 Barrel for satellites treated with new black Keronite on AA2618 
alloy. The black Keronite coating has recently been extensively tested 
in humidity, vibration, debris formation, low optical reflectivity tests 
and as a sub-layer for adhesive bonding. 
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18.30 Fine sun sensor (FSS) baffle treated with black Keronite PEO 
coating. 


18.31 Coarse sun sensor (CSS) housing treated with black Keronite 
PEO coating. 


The growing demand for reduced environmental impact, lower life-cycle 
cost, recyclability, increased multi-functionality and greater durability will 
drive forward new technologies such as PEO. 

PEO is an emerging surface technology and has increasingly received 
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Keronite 
micro- 
calorimeter 


18.32 Keronite coated micro-calorimeter part mounted on the MEDET 
system for the International Space Station. 


18.33 Fully automated Keronite PEO production line at Powdertech, 
Oxford, UK. Machine is set up for coating the three wheels shown. 
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research and industrial interests in the past decade due to its environmental 
friendliness, desirable surface properties and suitability for complex 
components (often unachievable by other line-of-sight coating routes such 
as plasma spraying). While PEO has become increasingly popular, continued 
research and industry support will help in optimising the process to suit 
application requirements and make this novel surface technology economically 
more viable and globally acceptable. 

Industrial-scale PEO systems offered by Keronite International Ltd have 
been in operation for several years now, with applications involving aerospace 
and space, automotive, oil and gas, textile, motor sports, electronics and 
other applications. A fully automated Keronite PEO production plant in the 
UK is shown in Fig. 18.33. 
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composites, 43 
duplex surface engineering 


chromium coating SEM 
micrographs, 337 
chromium-nitrogen deposits SEM 


AIMgSi0.5 wear, 537 
comparison between S-N curves for 
various surface modifications, 
538 
with other methods, 538-9 
duplex surface treatment, 348-51, 
532-9 
friction traces comparison, 348 
micrographs, 351-2 
nitrided surface x-ray diffraction 
patterns, 350 
PEO based duplex treatment, 534-6 
surface hardness and wear rate, 349 
effect of plasma on surface oxide film, 
328-31 
AES spectra before and after sputter 
cleaning, 331 
aluminium surface after grinding 
and sputtering in argon, 330 
introduction to wear, 43-5 
laser surface modification, 444-68 
laser cladding, 458-9 
laser shock treatment, 465—7 
laser surface alloying, 455-7 


micrographs, 346-7 

copper coating SEM micrographs, 
338 

ion plated coatings properties, 342 

metal coatings, 336-42 

metal coatings variation of friction 
coefficient with sliding distance, 
343 

nickel coating SEM micrographs, 
339 

Thornton model of structural zones 
in sputter coatings, 342 

titanium coating SEM micrographs, 
340 

titanium coatings fracture sections, 
341 

titanium nitride coatings SEM 
micrographs, 344 

PIII surface modification, 387—91 
plasma assisted surface treatment, 

323-59 

adhesive wear and metal transfer, 
327 

pin surface adhesive wear, 325-6 
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variation of friction coefficient with 
sliding distance, 324 
plasma electrolytic oxidation treatment, 
110-45 
advantages, 112 
coatings process and applications, 
132-40 
fundamentals, 113-23 
future trends, 145 
historic notes, 110—12 
new process exploration, 141-5 
power sources and process 
parameters, 123-32 
plasma nitriding, 331-5 
Al and AIN physical properties, 
333 
aluminium nitride layers growth 
rate, 335 
techniques and process parameters, 
334 
sliding wear, 45-52 
chemical composition, 45-7 
counterface, 49-50 
hardness, 48-9 
load, 51 
microstructure, 47-8 
sliding distance, 50 
sliding speed, 51 
temperature, 51—2 
test methods, 52 
spacecraft application, 603-39 
ultimate tensile strength variations, 605 
use in cycling, 552-3 
used in space applications, 607 
wear maps, 52-6 
quantitative wear map, 54 
regions of wear, 53 
wear mechanisms under dry sliding 
conditions, 55 
wear properties, 40-56 
aluminium-silicon alloys used in 
automotive applications, 41 
future trends, 56 
world aluminium production from 
1948-2008, 604 
aluminium nitride 
growth of AIN layer as a function of 
effective nitriding time, 335 
physical properties, 333 
AM5S0 alloy, 135, 167, 305, 453 
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current density effect on PEO coating 
thickness, 162 
PEO coatings phase composition, 163 
slow strain rate tensile behaviour, 
169 
AM5SO magnesium substrates 
corrosion resistance, 315-19 
free corrosion current density, 318 
free corrosion potential and free 
corrosion current density, 315 
wear resistance, 311-15 
Angelini Laminaflo mechanical heart 
valves, 583 
Angelini Valvuloplasty rings, 583 
annealing, 42 
anodic coatings, 610 
anodic films 
formation, 84-90 
barrier layer formation, 86-8 
porous film growth and 
morphology, 88-90 
structural evolution, 90-3 
anionic species incorporation, 92 
crystallisation processes, 90-1 
internal stress and defect formation, 
92-3 
oxygen evolution, 91-2 
anodic hydrogen evolution, 5 
anodic oxidation, 84—6, 534 
process, 572 
anodic oxide membranes, 105 
anodic plasma—chemical treatment, 591 
anodising, 131, 155, 296, 559-60 
anodic films formation, 84—90 
barrier layer formation, 86-8 
cations transport number and 
cations ionic radii, 88 
development on aluminium, 89 
displacement of film material from 
barrier layer, 90 
film growth in ammonium tartrate 
electrolyte, 87 
porous anodic film morphological 
features, 85 
porous film growth and 
morphology, 88-90 
anodic films structural evolution, 90-3 
anodised titanium, 103 
coating thickness vs Knoop indentation 
length, 614 
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equipment, 97-9 
agitation and exhaust system, 97 
cathodes, 98 
jigging, 98-9 
power supply, 98 
refrigeration and temperature 
control, 97 
tanks, 97 
future trends, 105—7 
DC anodising and PEO coating 
technologies, 106 
TiO,/Ni/TiO, nanotubes, 105 
light alloys, 83-107 
magnesium, 100-2 
Dow 17 process, 101-2 
HAE process, 100-1 
limitations, 102 
processes for magnesium alloys, 
101 
post-treatment processes, 99-100 
colouring, 99 
sealing, 99-100 
practical anodising processes, 93-6 
barrier layer processes, 96 
chromic acid process, 93-5 
for aluminium and its alloys, 94 
hard anodising, 95—6 
process sequence, 94 
sulphuric acid process, 95 
pre-treatment processes, 96-7 
spacecraft application, 603-39 
titanium, 102—5 
acid anodising, 104 
alkaline anodising, 105 
formation voltage, thickness and 
colour of anodic films, 104 
vs hard anodising and plasma 
electrolytic oxidation, 113 
Anomag, 178 
arc spraying, 190, 230 
ASTM B117, 136, 167, 627 
ASTM D1384, 167 
ASTM G65, 68 
atmospheric plasma spraying, 191 
atomic force microscopy, 489 
Auger electron spectroscopy, 329 
316 austenitic stainless steel, 561 
AZ21 alloy, 144 
AZ31 alloy, 176, 318 
EIS spectra, 177 


AZ31B alloy, 166, 170 
AZ91 alloy, 164, 289, 317, 379, 560 
Al, Ti, and Zr PIII EIS spectra, 385 
corrosion morphology after hydrogen 
PIII, 381 
potentiodynamic polarisation curves 
hydrogen PIII, 382 
nitrogen PIII, 382 
XPS depth profile 
Al fine scanning spectra after Al 
PHI, 385 
high resolution spectra of Zr 3d 
spectra after Zr PIII, 386 
AZ9I1D alloy, 20, 161, 169, 447, 460 
PEO films morphologies, 172 
AZ9I1E alloy, 16 
Al3Mg) coating vs AZ91E after NaCl 
immersion test, 289 
cold-sprayed Al diffusion coating, 
288 
AZ91HP, 460 
AZ91-T4 alloy, 453 


ball-milled blend composite, 261-4 
cross-section SEM micrographs, 265 
fractograph, 266 
worn surface, 267 

barium titanate, 137 

bauxite, 40 

Bayer process, 40 

bead blasting, 561-2 

bioactive coatings, 139 

biomedical devices 
see also specific device 
metallic biomaterials and cortical bone 

mechanical properties, 568 
surface engineered titanium alloys 
application, 568-97 
cardiovascular devices, 570-85 
future trends, 596—7 
orthopaedics and dental implants, 
585-96 

Biot number, 195 

Birmingham numerical model, 530 

black anodising, 611, 612-13 
process parameters, 616 

BM composite see ball-milled blend 

composite 

boost diffusion oxidation process, 527-8 

breakdown voltage, 157 
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calcium, 375 
Canadizing R, 105 
Carbite Golf, 562 
carbon based films, 580-4 
SEM micrographs 
after 17 days implantation, 576 
after 30 days implantation, 577-8 
after 90 days implantation, 579 
carbon films 
AFM morphologies and roughness, 391 
Raman spectra, 390 
surface hardness on aluminium, 392 
carbon implantation, 372 
carbon nanotubes, 268 
Cardio Carbon Company, 583 
cardiovascular devices 
surface coating with inorganic thin 
films, 572-84 
carbon based films, 580-4 
PIIID parameters, 573 
titanium oxide films, 572-80 
surface engineering of titanium and its 
alloys, 570-85 
failed artificial heart valve with 
thrombus formed on valve 
surface, 571 
material-induced blood reaction 
processes, 571 
surface immobilisation of functional 
molecules, 584—5 
biomolecular immobilisation 
process, 584 
platelet adhesion state on anastase 
TiO, film, 586 
cast aluminium alloys, 42-3 
cast iron coatings, 198 
cathode arc discharge system, 365 
cathodes, 98 
cathodic hydrogen evolution, 5 
cathodic protection, 26-7 
cathodic reaction, 4 
CC800-8 CemeCon PVD equipment, 588 
centrifugal-casting technique, 555 
ceramic, 614 
ceramic coatings, 343-8 
variation of friction coefficient with 
sliding distance, 345 
ceramic conversion, 477 
TiAl intermetallics, 487-91 
applications, 489-91 
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as-received and CCT TiAl AFM 
images, 490 
CCT vs PVD treated TiAl wear, 491 
surface property enhancement, 
488-9 
treatment and microstructure, 487-8 
TiNi shape memory alloys, 491-6 
applications, 496 
cross-section, 493 
nickel concentration after wear tests, 
495 
nickel concentration as a function of 
fretting cycles, 495 
surface property enhancement, 
493-5 
treated vs untreated TiNi alloys 
wear volume, 494 
treatment and microstructure, 491-3 
titanium and titanium alloys, 477-87 
applications, 486-7 
corrosion and corrosion wear, 483-4 
CP-Ti corrosion resistance, 484 
critical load for onset of galling, 482 
fatigue and fretting fatigue 
properties, 484—6 
hardening effect, 479 
scratch wear scar areas comparison, 
481 
treatment and microstructure, 477-8 
tribological properties, 479-83 
titanium-based materials, 475-97 
development, 476-7 
driver for cost effective treatment, 
475-6 
future trends, 496-7 
chemical conversion treatments, 295-6 
chromic acid, 93-5 
chromium, 296, 455, 457 
chromium nitride, 531 
cladding, 411-13 
see also laser surface cladding 
CNC lasers, 445 
Co-Cr-Mo, 587 
CO, lasers, 445, 449, 450 
coating, 28-9 
coaxial powder delivery, 447 
cobalt sulphide, 611 
cold gas dynamic spraying see cold 
spraying 
cold spraying, 186 
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aluminium and its alloys, 247-74 
1100 Al potentiodynamic 
polarisation behaviour, 272 
Al-Al,03 composite coating, 269 
Al-0.5CNT coating optical 
micrograph, 271 
A12319 coating cross section SEM 
micrographs, 255-6 
Al coating cross-sectional 
microstructure, 248 
Al-Cu deposits, 263 
Al-Nd2Fe14B composite deposit 
microstructure, 270 
Al-Ni composite coatings, 264 
Al-12Si/SiC composite coatings 
cross section, 268 
Al-10Sn cross sectional 
microstructure, 252 
aluminium/iron composite cross 
section, 262 
brazed microstructure under argon 
atmosphere, 254 
coatings microstructure, 248-56 
coatings OM micrographs, 249 
four point bending tests results, 273 
MMC coatings microstructure, 
259-69 
nanostructured coatings 
microstructure, 258-9 
properties, 270-4 
2618+Sc coating microstructure, 
253 
tensile testing, 272 
ball-milled blend composite 
cross-section SEM micrographs, 
265 
fractograph, 266 
worn surface, 267 
general features, 242-5 
cold spraying vs thermal spraying, 
243 
particle impacting and bonding 
processes, 244 
process schematic diagram, 242 
light alloys, 242-90 
future trends, 289-90 
magnesium alloys surface modification, 
287-9 
Al diffusion coating backscatter 
SEM image, 288 


AZ91E sample with Al;Mg” 
coating and AZ91E after NaCl 
immersion test, 289 

potential applications, 245-7 

functional coatings, 246 

protective coatings, 245-6 

repair and restoration, 247 

spray forming, 247 

titanium and its alloys, 274-87 
annealed Ti and Ti-6A1-4V 
microstructures, 286 
as-deposited Ti-6A1-4V coating in 
the etched state, 283 
as-deposited Ti coating in etched 
state, 281 

change of corrosion potential vs 
time, 287 

change of porosity in coating, 276 

coating microstructure, 275 

coating microstructure using 
helium, 277 

coating with spherical feedstock, 
278 

flashing jet with Ti powder 
particles, 280 

fractured surface morphology SEM 
micrograph, 284 

microstructure, 274-6 

porous microstructure formation 
mechanisms, 277-85 

cold welding, 608 
cold working, 41 
collagen, 589 
commercially pure titanium, 476 
ceramic conversion treated 
microstructures, 478 
corrosion resistance in HCI solutions, 
484 
relative wear loss values for laser 
surface engineered surfaces, 
429 
weight loss vs sliding distance 
after laser nitriding, 426 
CPTi + SiC, 426 
composite coatings, 176-8 
computer numerical control, 445 
contact mechanics, 529 
cooling rate, 205 
copper, 45-6, 49-50 
Corporate Average Fuel Economy, 309 
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corrosion, 44, 483-4 
behaviour and protection techniques, 
3-32 
future trends, 31—2 
magnesium alloys, 3-25 
mitigation strategy, 25-31 
mitigation approaches and possible 
techniques, 26-9 
alloy modification, 27-8 
cathodic protection, 26-7 
coating, 28-9 
corrosion resistant alloys 
development, 27 
environmental modification, 29 
reasonable design, 26 


surface modification and treatment, 


28 
protection techniques, 29-31 
combination of various mitigation 
approaches, 30 


compatibility with other properties, 


30 
corrosion resistance enhancement, 
30 
cost, toxicity and environmental 
impact, 31 
wear, 483-4 
corrosion potential difference, 11 
corrosion resistant alloys, 27 
corrosive wear see corrosion 
crevice corrosion, 569 
critical kinetic strain energy release rate, 
218 


D-guns see detonation guns 
dental implants, 585-96 
surface functionalisation, 591-6 
surface properties improvement by 
surface coatings, 587-91 
Derlin disc, 581 
detonation guns, 189 
diamond like carbon films, 388, 523-6, 
528, 580, 581 
DIN 50100, 164 
DIN EN ISO 9227, 167 
Directive 87/77/EC, 309 
Directive 70/220/EEC, 309 
dispersion hardening, 49 
Dow 17 process, 101-2 
drag coefficient, 192 
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drag force, 192 
duplex surface engineering, 502 


aluminium alloys, 532-9 
AIMgSi0.5 wear, 537 
other methods, 538-9 
PEO based duplex treatment, 534-6 
plasma nitriding-based duplex 
treatment, 536-8 
S-N curves for various surface 
modifications, 538 
stress life curves, 535 
coating with oxygen diffusion inlayer, 
527-30 
effect on areas of application of Ti-6Al- 
AV, 529 
erosion performance, 522-3 
light alloys, 501-40 
cross-section example and surface 
engineering technologies used, 
503 
duplex treatment, shot peening 
and IBED CrN films fretting 
resistance, 533 
other treatments, 530—2 
load bearing capacity, 506-10 
CN, films on Ti-6A1-4V, 509 
coefficient of friction curves, 510 
friction-load curves for scratch tests 
on CN, films, 509 
indentation failure modes for CN, 
films, 508 
indentation tests, 506-8 
Rockwell indentation impressions 
of CN, films, 507 
scratch tests, 508-10 
wear surface morphology, 511 
system illustration, 502 
titanium alloys, 504-6 
based on plasma nitriding and CN,, 
505-6 
treatment based on DLC or TIN films 
with plasma nitriding, 523-7 
diamond coatings Rockwell 
indentation morphology, 527 
Ti-5Al-2.5Fe surface hardness, 525 
tribological properties, 511-22 
abrasive wear on UHMWPE pins 
sliding with Ti-6AI-4V, 521 
adhesive and abrasive wear on worn 
Ti-6Al-4V, 515 
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CN, film wear track surface 
morphology, 518 

CN, films spallation, 516 

coefficient of friction, 512-13, 
519-20 

dry sliding condition, 511-17 

duplex treated specimen sliding 
with UHMWPE pins, 523 

lubricated conditions, 517—22 


plasma nitrided layer spallation, 516 


Raman analysis result on wear 
tracks, 517 

spallation on CN, film and wear on 
Ti-6Al-4V, 522 

Ti-6A1-4V abrasive wear and 
adhesive wear, 521 

wear rates, 514-15 


EC Directive 2002/95/EC, 611 
ECSS-Q-ST-70-09C, 632 
electrical arc spray process, 190 
electrochemical impedance spectroscopy, 
384 
electroless nickel plating, 173 
electroplating, 296-7 
elemental doping, 582 
energy beam surface treatment, 538 
erosion, 430 
titanium alloys, 430-2 
erosion resistance of hard coatings, 
430-1 
water droplet erosion, 431-2 
erosive wear, 44 
EVAHEART, 583-4 


fatigue, 484-6 
Fenton’s oxidation, 577 
finite/boundary method, 530 
flattening ratio, 203 
flow cytometry, 592 
fluorinated DLC coatings, 582 
Formula | racing car engines, 556 
Fourier integral transform method, 530 
fretting fatigue, 69-71, 484-6 
fretting fatigue strength, 486 
fretting wear, 630 
titanium alloys, 69-71 
titanium aluminides, 74—5 


galling, 61, 104, 482 


galvanic corrosion, 136-7 
galvanic corrosion current, 13 
galvanic corrosion rate, 10 
galvanic current density, 13 
dependence on distance from 
anodelcathode junction, 14 
galvanic series, 11-12 
gamma titanium aluminide, 562 
gaseous PIII, 364-5 
magnesium alloys, 379-84 
glow discharge, 364 
gold plating, 297 
gold—thiol chemistry, 595 
green materials, 553 
Gyrosevon, 562 


HAE process, 100-1 
Hall-Heroult process, 40 
HAP see hydroxyapatite 
hard anodising, 95-6, 613 
process parameters, 616 
vs conventional anodising and plasma 
electrolytic oxidation, 113 
hard coatings, 610 
hardening treatment, 42 
high-velocity arc spraying, 190 
high-velocity oxyfuel spray, 190, 199 
hollow cathode discharge, 536-7 
homogenisation, 42 
HVOF see high-velocity oxyfuel spray 
hybrid surface engineering see duplex 
surface engineering 
HyClone Alpha Calf Fraction serum, 
588 
hydroxyapatite, 229, 370, 589 
precipitation process illustration, 373 


IBAD see ion beam assisted deposition 
IBED see ion beam enhanced deposition 
integrins, 595 

ion beam assisted deposition, 298 

ion beam enhanced deposition, 298, 532 
ion beam sputter deposition, 300-1, 313 
ion bombardment, 302-6 

ion nitriding see plasma nitriding 

ion plating, 335, 348 

ion vapour deposition, 341 

Iridite NCP, 611 

iron, 46 

isothermal particle heating model, 195 
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James Webb Space Telescope, 605 
jigging, 98-9 


karabiners, 557 
Keplacoat, 603 
Keronite, 111, 164, 170, 560, 603 
Keronite G3, 620 
Keronite International Ltd., 615, 632 
Keronite PEO, 630 
fully automated production line, 638 
process parameters, 616 
secondary electron SEM image on AA 
6082 alloy, 622 


laser beam 
alloying, 444-5 
cladding, 445 
remelting, 454 
laser energy density, 406 
laser heating, 400-1 
laser nitriding, 404, 414-16 
laser parameters, 405 
laser peening see laser shock treatment 
laser powder alloying, 416-19 
laser power, 406 
laser processing, 401 
laser remelting see laser surface remelting 
laser shock treatment, 446 
aluminium alloys, 465-7 
processing, 444, 445 
schematic diagram, 465 
laser surface alloying, 413-19, 446, 454-8, 
475-6 
aluminium alloys, 455-7 
magnesium alloys, 457 
laser surface cladding, 446, 457, 458-61 
aluminium alloys, 458-9 
magnesium alloys, 459-61 
laser surface melting, 410-11 
laser surface modification 
aluminium alloys laser shock treatment, 
465-7 
schematic diagram, 465 
aluminium and magnesium alloys, 
444-68 
future trends, 467-8 
laser surface particle composite 
fabrication processes, 461-5 
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cladding, 411-13 
effect on properties, 419-33 
CPTi and Ti-6AI-4V relative wear 
loss values, 429 
dendrite arm spacing and calculated 
maximum cooling rate, 420 
grinding on erosion resistance, 432 
hardness and residual stress, 419-22 
hardness vs dendrite volume 
function, 420 
nitrided Ti-6A1-4V water droplet 
erosion results, 429 
oxidation resistance, 433 
surface morphology after laser 
processing, 424 
surface roughness, 422-4 
surface roughness measurements, 
424 
Ti-6Al-4V microhardness map after 
laser nitriding, 421 
titanium alloys erosion, 430-2 
wear, 425-8 
weight loss vs sliding distance of 
CPTi + SiC, 427-8 
weight loss vs sliding distance of 
CPTi and Ti-6A1-4V, 426 
general considerations on laser 
processing, 445-8 
CNC laser beam cladding, 446 
coaxial nozzle, 448 
lasers used for surface engineering 
of light alloys, 447 
laser processing conditions for surface 
engineering 
capillary convective flow patterns, 
409 
dendrites distribution following 
laser nitriding, 409 
effect of percentage overlapping on 
solidified alloy remelting, 406 
laser melting and laser cladding 
conditions, 408 
multi-track alloying in argon 
environment, 407 
laser surface alloying, 413-19, 454-8 
aluminium alloys, 455-7 
elements and compounds 
incorporated into Ti alloys, 418 
laser nitriding, 414-16 
laser powder alloying, 416-19 
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laser processed SiC preplaced 
powder on CPTi, 417 
laser surface nitriding plus powder 
alloying, 419 
magnesium alloys, 457 
materials used, 455 
specimens microhardness-depth 
profile, 415 
laser surface cladding, 458-61 
aluminium alloys, 458-9 
magnesium alloys, 459-61 
laser surface melting, 410-11 
CPTi laser melting, 410 
laser surface remelting, 448-54 
aluminium alloys, 449-52 
magnesium alloys, 452-4 
lasers used in surface engineering, 
399-400 
commercial lasers, 400 
methods, 400-5 
abrasive wear resistance, 401 
eutectic of TisSi; and o’-Ti TEM 
micrographs, 403 
laser induced cracks, 402 
MZ and HAZ following laser 
melting, 402 
SiC particle acting as nucleant for 
TiC, 405 
TisSiz particles, TiC, and eutectic of 
TisSi; and «’-Ti, 403 
processing conditions for surface 
engineering, 405-10 
titanium alloys, 398-433 
need for surface engineering, 398-9 
why use titanium alloys, 398 
laser surface remelting, 448-54 
aluminium alloys, 449-52 
magnesium alloys, 452-4 
lasers, 399-400 
aluminium and magnesium alloys 
surface modification, 444-68 
commercial lasers, 400 
used for light alloys surface 
engineering, 399-400, 447 
lateral powder delivery, 447 
LD31 aluminium alloy, 139 
light alloys 
anodising, 83-107 
anodic films structural evolution, 
90-3 


anodising equipment, 97-9 
formation of anodic films, 84-90 
future trends, 105—7 
magnesium, 100-2 
post-treatment processes, 99-100 
practical anodising processes, 93-6 
pre-treatment processes, 96-7 
titanium, 102—5 
cold spraying, 242-90 
aluminium and its alloys, 247-74 
future trends, 289-90 
general features, 242-5 
potential applications, 245-7 
surface modification of magnesium 
alloys, 287-9 
titanium and its alloys, 274-87 
duplex surface treatments, 501-40 
aluminium alloys, 532-9 
DLC or titanium nitride films with 
plasma nitriding, 523-6 
duplex surface coating with oxygen 
diffusion layer, 527-30 
erosion performance, 522-3 
load bearing capacity, 506-10 
other treatments, 530-2 
titanium alloys, 504-6 
tribological properties, 511-22 
for sports equipment, 550-7 
cycling, 552-4 
golf, 554-5 
motor sports, 555-6 
other sports, 556-7 
laser surface modification, 444-68 
general considerations on laser 
processing, 445-8 
laser surface alloying, 454-8 
laser surface cladding, 458-61 
laser surface remelting, 448-54 
lasers used for surface engineering, 
447 
materials used for laser alloying, 
cladding, and composite surface 
fabrication, 455 
PIII surface modification 
aluminium alloys, 387-91 
magnesium alloys, 375-86 
titanium alloys, 369 
plasma immersion ion implantation, 
362-93 
future trends, 392-3 
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processes and advantages, 363-9 
tensile strength and strength-weight 
ratios, 551 
thermal spraying, 184-232 
bonding between coating and 
substrate, 219-27 
case studies, 227—30 
characteristics, 185-92 
coatings microstructure and 
properties, 210-19 
future trends, 230—2 
physics and chemistry, 192-209 
light metals, 550-1 
low pressure plasma spraying, 191 
low temperature isotropic pyrolytic carbon, 
573, 581 


macro-galvanic corrosion, 10-15 
magnesium, 46, 375, 377 
see also magnesium alloy 
anodising, 100-2 
Dow 17 process, 101-2 
HAE process, 100-1 
limitations, 102 
cross sections after corrosion, 19 
pure magnesium H distribution, 379 
pure magnesium potentiodynamic 
polarisation curves, 380 
magnesium alloy 
see also specific magnesium alloy 
after NaCl immersion 
AZ91 microstructure, 21 
AZ91E alloy corrosion morphology, 
18, 22 
Mg-Re alloy, 22 
Mg-RE-Zr alloy surface 
micrograph, 18 
coated AMS0 substrates 
corrosion resistance, 315-19 
wear resistance, 311-15 
cold spraying, 287-9 
corrosion behaviour, 3—25 
alkalinity of solution adjacent to Mg 
surface vs bulk solution, 10 
alkalisation, 9-10 
electrochemical corrosion and 
negative difference effect, 5 
impurities detrimental effects, 23-5 
macro-galvanic corrosion, 10-15 
matrix phase corrosion, 15-19 
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metals and alloys corrosion 
potentials, 11 
metals standard equilibrium 
potentials, 12 
micro-galvanic effect, 15 
polarisation curves in corrosive 
solutions, 17 
sandwich like probe configuration, 
14 
secondary phase influence, 19-23 
corrosion behaviour and protection 
techniques, 3-32 
corrosion mitigation strategy, 25-31 
approaches and possible techniques, 
26-9 
protection techniques selection, 
29-31 
future trends, 31—2 
corrosion damage estimation and 
prediction, 32 
corrosion database, 31—2 
fundamental understanding of 
corrosion mechanisms, 32 
innovative surface conversion/ 
treatment and coating 
techniques, 31 
hydrogen evolution, 5-9 
magnesium dissolution rates, 6-7 
measurement experimental set-up, 
8 
mechanisms, 4 
IBAD and RIBAD, 298-301 
ion beam deposition process, 299 
ion beam sputter deposition, 300-1 
ion beam sputter deposition set-up, 
301 
set-up, 300 
ion bombardment effects, 302-6 
Al,O3 coated substrates optical 
micrographs, 304 
deep cracks at substrate surface 
grain boundaries, 306 
density and internal stress, 303 
film structure, 302-4 
magnesium substrate sputter 
cleaning, 304-6 
laser surface modification, 444-68 
laser surface alloying, 454-8, 457-8 
laser surface cladding, 459-61 
laser surface remelting, 452-4 
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materials used for laser alloying, 
cladding, and composite surface 
fabrication, 455 
PEO-treated microstructure, 158-62 
AMS50 PEO coatings phase 
composition, 163 
microstructure, 158-61 
PEO coatings cross section, 159 
PEO coatings surface morphology 
micrographs, 160 
phase composition, 161-2 
PEO-treated properties, 162-7 
AM5S0O slow strain rate tensile 
behaviour, 169 
AZ31 B surface appearance, 166 
corrosion behaviour, 166—7 
mechanical properties, 162-4 
tribological characteristics, 164-6 
wear tracks, 165 
physical vapour deposition, 294-320 
PIII surface modification, 375-86 
gaseous PIII, 379-84 
metal PIII, 384-6 
plasma electrolytic oxidation treatment, 
155-80 
industrial processes and 
applications, 178-80 
principles and process, 157-8 
recent development in PEO treatments, 
167-78 
additives in treatment solutions, 
170-3 
AZ91D PEO films morphologies, 172 
composite coatings, 176-8 
dry sliding behaviour, 174 
duplex coatings, 173-6 
EIS spectra of duplex coating, 177 
microarc oxidation coatings surface 
morphology, 171 
polymer coated AZ31 EIS spectra, 
177 
potentiodynamic polarisation 
behaviour, 173 
process optimisation, 169-70 
wear tracks after sliding tests, 175 
RIBAD deposition of titanium nitride, 
307-9 
post implantation time effect on 
surface hardness and wear 
resistance, 309 


x-ray diffraction from RIBAD TiN 
with no post-implantation, 308 
sliding wear and aqueous corrosion, 
309-19 
AMS50 and AS21 substrates free 
corrosion current density, 318 
AM5S0O substrates free corrosion 
potential and current density, 
315 
coatings under investigation, 312 
nitrogen ion implantation dose on 
RIBAD titanium, 310 
wear resistance of various coatings, 
311 
surface engineering, 295-8 
anodic treatments, 296 
chemical conversion treatments, 
295-8 
conventional PVD techniques, 
297-8 
electroplating and organic coatings, 
296-7 
use in cycling, 553-4 
magnesium aluminide 
average corrosion rates, 16 
salt spray corrosion rates and their 
microstructures, 20 
magnesium hydride, 379 
magnesium oxide, 314 
magnetron sputtering technique, 537, 539 
Magoxid-Coat, 111, 164 
manganese, 46, 455 
manganese oxide, 140 
Marangoni flow, 408 
Material Exposure and Degradation 
Experiment, 633 
mercury intrusion porosimetry, 211 
metal coatings, 336-42 
variation of friction coefficient with 
sliding distance, 343 
metal matrix composite, 43, 49, 268, 564 
metal of the gods see titanium 
metal PIII, 365-7, 384-6 
micro-galvanic effect, 15 
microarc oxidation see plasma electrolytic 
oxidation 
Microplasmic, 111 
MIL-STD-3021, 245 
MMC see metal matrix composite 
motor sports engines, 562-4 
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ceramic conversion of TiAl valves, 
562-3 

coating materials deposited by plasma 
spraying, 564 

ice effect schematic, 564 

MMC plasma coating microstructure, 
565 

thermal spray for aluminium engine 
blocks, 563-4 

valve design and characteristic areas, 
563 


Nabutan, 611 
nanocrystalline diamond film, 581 
Nd:YAG lasers, 445, 451, 456 
near infrared spectrum, 605 
Newton cooling, 205 
NiAl5, 223 
nickel, 46, 338, 456 
splats morphology, 221 
nickel sulphide, 611 
NiCrAlY, 197 
NiCrBSi, 224 
NiTi shape memory alloy, 575-8 
ceramic conversion treatment, 491—6 
nitriding, 368, 370 
nitrogen, 330-1, 368 
Northwest Mettech Corporation, 191 
Nusselt number, 194 


Omnifit hydroxyapatite-coated prostheses, 
590 
organic coatings, 296-7, 559 
orthopaedics, 585-96 
surface functionalisation, 591-6 
surface properties improvement by 
surface coatings, 587-91 
oxide film, 323, 328-31, 332 
oxyacetylene, 188 
oxygen diffusion zone, 479 
oxygen implantation, 372 
oxygen PIII, 387 


P-PEO coatings, 167 
bode plots from electrochemical 
impedance tests, 168 
cross section scanning electron 
micrographs, 161 
painting, 559 
PEO see plasma electrolytic oxidation 
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PEO coatings 
characteristics, 132-3 
coating internal stress, 133 
high adhesive strength between 
substrate and coating, 133 
surface porosity, 132 
formation mechanisms, | 16-23 
growth thickness evolution schematic, 
121 
magnesium alloys 
cross section schematic, 159 
surface morphology micrographs, 
160 
properties and applications, 132-40 
stages in silicate electrolyte, 158 
physical vapour deposition, 561 
aluminium alloys, 335-48 
ceramic coatings, 343-8 
metal coatings, 336-42 
magnesium alloys, 294-320 
IBAD and RIBAD, 298-301 
ion bombardment effects, 302-6 
RIBAD deposition of titanium 
nitride, 307-9 
sliding wear and aqueous corrosion, 
309-19 
surface engineering, 295-8 
PIII see plasma immersion ion 
implantation 
PllI/nitriding, 368 
PIIID see plasma immersion ion 
implantation and deposition 
pin-on-disc machine, 49, 52 
pin-on-disc test, 350, 450, 453, 463, 464 
pin-on-ring machine, 49, 52 
pitting corrosion, 569 
PLANK telescopes, 605 
plasma, 328 
plasma assisted surface treatment, 323-59 
duplex surface treatment, 348-51 
effect of plasma on surface oxide film, 
328-31 
load bearing capacity and interface 
design, 351-7 
physical vapour deposition, 335-48 
plasma nitriding, 331-5 
plasma carbonitriding, 526 
plasma coatings, 564 
plasma electrolytic oxidation, 91, 106, 
560, 613-15 
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advantages, 112 
aluminium and titanium alloys 
treatment, 110-45 
and anodised coating characteristics 
and properties, 618-32 
coating structure, 618-20 
coating surface morphology, 633 
fatigue and corrosion fatigue, 626-7 
fretting, impact and cold welding in 
vacuum, 630-1 
mechanical properties, 621, 623 
resistance to environmental 
exposures, 624-6 
thermo-optical properties, 631-2 
wear and friction, 628-30 
applications, 633 
barrel for satellites, 636 
coarse sun sensor housing, 637 
EMIR GRISM cryostat wheel 
bearing, 636 
fine sun sensor baffle, 637 
Keronite micro-calorimeter, 638 
coating phase constituents 
on aluminium alloy, 126 
on titanium alloy, 126 
coatings properties and applications, 
132-40 
biomedical properties, 139-40 
catalytic properties, 140 
characteristics, 132—3 
corrosion resistance properties, 
135-7 
dielectric properties, 137 
optical properties, 138-9 
PEO treated ZL114 aluminium alloy 
seawater filtering device, 136 
structure and microhardness, 618 
thermal protection properties, 137-8 
uncoated and PEO coated piston 
damage morphologies, 135 
wear resistance properties, 134-5 
component immersed in electrolyte, 
615 
duplex surface treatment, 534-6 
equipment schematic, 111, 142 
evolution in PEO coating technology, 
619 
fundamentals, 113-23 
chemical reactions and structural 
evolution, 115 


coating growth phenomenon, 114 
coating growth thickness evolution 
schematic, 121 
discharge phenomena and coating 
microstructure schematic, 116 
PEO coatings formation 
mechanism, | 16—23 
spark decaying and columnar crystal 
microstructure on Ti-6AI-4V 
alloy, 122 
future trends, 145 
historic notes, 110-12 
industrial PEO processes and 
applications, 178-80 
applications, 179-80 
industrial processes, 178 
magnesium body of milling cutter, 
179 
magnesium alloys, 155-80 
microstructure, 158-62 
principles and process, 157-8 
properties, 162-7 
recent development, 167—78 
new process exploration, 141-5 
coated aluminium pipe cross-section 
morphologies, 144 
combined processes for enhanced 
properties, 141 
flexible spraying process, 141-2 
internal surface oxidation process, 
142-4 
PEO treated ZL204 aluminium 
alloy, 143 
pre-shot peening process for 
improving fatigue, 144-5 
power sources and process parameters, 
123-32 
bipolar pulse output schematic, 128 
coating formed on metal-based 
composites, 131 
electrical parameters effects, 
128-30 
electrolyte effects, 125-7 
influences of alloy compositions, 
130-2 
positive pulse parameters on 
microarc oxidation coatings, 129 
power sources, 124—5 
process parameters, 616 
Si-PEO and P-PEO coatings 
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bode plots, 168 
cross-sections, 161 
spacecraft applications, 603-39 
advanced coatings and multi- 
functionality, 610 
Al alloys for aerospace applications, 
604-6 
coating processes for Al alloys, 
612-17 
environmental aspects of 
engineering components, 611-12 
requirements from engineering 
components, 606—10 
vs conventional and hard anodising, 
113 
vs hard anodising and plasma spray 
Al,O3, 617 
plasma immersion ion implantation, 333, 
525-6, 537 
aluminium alloys surface modification, 
387-91 
oxygen PIlI-treated pure aluminium 
and AA 7075, 387 
pure Al and A7075 alloy surface 
mechanical properties, 389 
pure aluminium after oxygen 
implantation, 388 
future trends, 392-3 
hybrid processes 
PIII/deposition, 368-9 
PIlI/nitriding, 368 
light alloys, 362-93 
magnesium alloys surface modification, 
375-86 
gaseous PIII, 379-84 
metal PIII, 384—6 
oxygen implantation and/or water 
PII, 383 
processes and advantages, 363-9 
capacitively-coupled plasma 
sources, 365 
cathodic arc plasma source, 366 
gaseous PIII, 364-5 
hybrid processes, 367-9 
metal PIII, 365-7 
particle emission from arc spots, 
366 
schematic diagram, 363 
titanium alloys surface modification, 
369-75 
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biological applications, 372-5 
bone plate and bone screws, 369 
HAP precipitation process 
illustration, 373 
influence on corrosion and surface 
mechanical properties, 370-2 
Ti, O, N and C depth profiles 
measured by XPS after PIII, 371 
plasma immersion ion implantation and 
deposition, 299, 368-9, 375, 
388, 572-3, 592 
plasma nitriding, 348, 349, 350, 475-6, 
523-6 
aluminium alloys, 331-5 
techniques and process parameters, 
334 
titanium alloys duplex treatment, 505-6 
plasma spraying, 190, 191, 231 
plasma transferred arc surfacing, 52 
polyethylene glycol, 585 
porosity, 210 
thermal spray coating, 210-13 
characterisation, 210-11 
control in thermal spray coating, 
211-12 
post-spray treatment for sealing 
pores, 213 
potentiodynamic polarisation tests, 450 
powder metallurgy process, 562 
Prandtl number, 194 
precipitation, 48 
protective coatings, 245-6 
corrosion resistant coatings, 245-6 
high-temperature resistant coatings, 246 
wear-resistant coatings, 246 
pulsed high-voltage glow discharge, 365 
PVD see physical vapour deposition 
PVD ion plating, 538-9 
pyrolytic carbon, 580 


radio frequency discharge, 364 

radio-frequency plasma-activated chemical 
vapour deposition technique, 
581, 587 

Reactive Ion Beam Assisted Deposition, 
298 

deposition of titanium nitride on 

magnesium alloys, 307-9 

Restrictions of Hazardous Substances 
directive, 611 
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reverse transcriptase polymerase chain 
reaction, 592 

Reynolds number, 192, 193, 194-5, 203, 
204 

RIBAD see reactive ion beam assisted 
deposition 

rotating bending tests, 626 


sand blasting, 561-2 
scanning tunnelling microscopy, 307 
scratch test, 133, 352 
scuffing, 61, 482 
shape memory alloys 
see also NiTi shape memory alloy 
ceramic conversion treatment, 491—6 
applications, 496 
cross-section, 493 
nickel concentration after wear tests, 
495 
nickel concentration as a function of 
fretting cycles, 495 
surface property enhancement, 493-5 
corrosion resistance, 493 
dry unidirectional sliding wear, 
493-4 
fretting corrosion, 494-5 
reciprocating corrosion wear, 494 
wear volume, 494 
short circuit migration, 117 
shot peening, 485, 531-2, 535, 539 
shrouded plasma spraying, 191 
Si-incorporated diamond-like carbon 
coatings, 587 
Si-PEO coatings, 167 
bode plots from electrochemical 
impedance tests, 168 
cross section scanning electron 
micrographs, 161 
silicate, 158 
silicon, 45, 47, 455 
silicon carbide, 464 
single pulse energy, 129 
sliding wear, 43 
aluminium alloys, 45-52 
magnesium alloys, 309-19 
test, 425 
titanium aluminides, 71-3 
slow strain-rate tensile tests, 167 
sodium tungstate, 170 
sol-gel coatings, 459 


spacecraft 
AA 2219 for NASA Orbiter, 609 
advanced coatings and multi- 
functionality, 610 
aluminium alloys for aerospace 
applications, 604-6 
engineering components in space 
environmental aspects, 611-12 
requirements, 606-10 
most commonly used coating processes 
for Al alloys, 612-17 
multifunctional properties required 
from surface coatings on 
aluminium alloys, 611 
PEO and anodised aluminium alloys 
application, 603-39 
PEO and anodised coating 
characteristics and properties, 
618-32 
adhesion during fretting test, 631 
bond strength, 624 
corrosion protection from thin layer 
of PEO coating, 627 
corrosion resistance, 625 
electrochemical corrosion 
behaviour, 626 
fatigue life after exposure to 
corrosion, 628 
friction coefficient after sliding wear 
test, 630 
micro-indentation hardness values, 
623 
optical micrographs, 622 
relative wear resistance, 629 
salt fog resistance, 625 
surface after fretting test, 631 
volumetric abrasive wear rate, 629 
XRD patterns, 623 
PEO applications, 633 
satellite anchor malfunction 
mechanism, 610 
view of International Space Station, 
609 
spark discharge, 114 
splat, 184-5, 202-3, 231, 269 
cooling, 204 
effect of droplet Reynolds number on 
flattening ratio, 204 
individual microstructure and spray 
particles flattening 
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liquid droplet flattening and splat 
size, 203-4 
microstructures in thermal spray 
coating, 204-6 
solid-liquid two-phase droplets 
impact behaviour, 207-9 
microstructure and spray particles 
flattening, 202-9 
sports equipment 
application of surface engineered light 
alloys, 549-65 
surface engineering application, 
557-64 
bicycle, 558-60 
golf club heads, 560-2 
motor sports engines, 562-4 
use of light alloys, 550-7 
cycling, 552-4 
golf, 554-5 
hardness vs elastic modulus for 
head materials, 556 
motor sports, 555—6 
other sports, 556-7 
traditional wooden driver, 555 
spray particle heating, 195 
sputter cleaning, 329, 330 
sputter yield amplification, 305 
sputtering, 328-9 
316L stainless steel, 568-9 
static-casting technique, 555 
Sulzer-Metco Company, 191 
surface coatings, 557-8 
surface engineering, 557, 565 
see also specific technique 
definition, 295 
magnesium alloys, 295-8 
sports equipment, 557-64 
bicycle, 558-60 
golf club heads, 560-2 
motor sports engines, 562-4 
surface immobilisation, 596—7 
surface modifications, 557-8 
surface sealing, 297 


T6 heat treatment, 553 
thermal oxidation, 477, 530 
thermal spray coatings, 184, 185 
microstructure and properties, 
210-19 
porosity, 210-11 
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thermal spraying 
case studies, 227—30 
aluminium cylinder bores, 227-8 
hydroxyapatite coatings adhesive 
strength, 229 
titanium body implants, 228-30 
ceramic coatings lamellar structure, 
214-19 
effect of spray condition on lamellar 
bonding ratio, 215-17 
lamellae structure schematic, 215 
lamellar structure characterisation, 
214-15 
lamellar structure effect on ceramic 
coatings properties, 217-19 
plasma arc power on A1,O; coating 
mean bonding ratio, 216 
spray distance on Al,03 coating 
mean bonding ratio, 216 
characteristics, 185-92 
coating formation concept 
schematic, 185 
features, 187 
heat sources temperature and 
particle velocity, 186 
metal coatings oxygen content, 191 
processes, 188-92 
spray materials for light metal 
modification, 188 
thermal spray concept, 185-6 
typical spray materials, 188 
coating and substrate bonding, 219-27 
Al,O3 splats morphology, 222 
aluminium splats morphology, 220 
effective mass fraction effect, 226 
HVOF NiCrBSi alloy coatings 
adhesive strength, 224 
nickel splats morphology, 221 
PTAW coating microstructure, 225 
spray materials and melting state 
effects, 224—7 
spray particles and substrate 
metallurgical interaction, 222-3 
substrate surface roughening effect, 
223-4 
surface adsorbates and preheating 
effects, 219-21 
light alloys, 184-232 
future trends, 230—2 
physics and chemistry, 192-209 
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carbide particle size on WC 
coatings, 210 
copper splat, 203 
droplet Reynolds numbers on splat 
flattening ratio, 204 
heat transfer between gas flame and 
spray particle, 194-6 
metal alloys oxidation, 196-9 
molten spray particles flattening and 
splat microstructure, 202—9 
NiCrAlY spray powders mean 
diameter effect, 197 
particle acceleration, 192-4 
plasma sprayed YSZ coating, 206 
spray materials oxidation and 
decomposition, 196-202 
spray particles acceleration 
characteristics, 194 
two-phase droplet deposition, 208 
WC carbide particle sizes, 200 
WC-Co coatings microstructure, 
209 
WC-Co splat, 207 
YSZ splat, 206 
thermal spray coatings microstructure 
and properties, 210-19 
copper plated plasma-sprayed Al,O3 
coating microstructure, 214 
porosity, 210-11 
thin ice effect, 563 
Ti-SAI-2.5Fe alloy, 524 
surface hardness after plasma nitriding 
and duplex treatment, 525 
Ti-6Al-7Nb alloy, 484 
Ti-7Al-6Nb alloy, 570 
Ti-48Al-2Nb-2Cr-1B alloy, 72, 487 
backscatter electron image, 488 
ceramic conversion treated cross- 
section image, 488 
Ti-48Al-2Nb-2Mn alloy, 71 
Ti-45A1-2Nb-2Mn- 1B alloy, 71 
Ti-3Al-2.5V alloy, 555 
Ti-6Al-4V alloy, 61, 104, 138, 139, 370, 
476, 484, 505, 531, 553, 554, 
555, 580, 581, 587, 588 
adhesive and abrasive wear 
lubricated sliding conditions, 521 
sliding with alumina balls, 515 
ceramic conversion treated 
microstructures, 478 


ceramic conversion treatment 
hardness depth profiles, 480 
shot peening effect on fatigue 
properties, 485 
surface blisters in surface oxide, 
479 
wear rate, 481 
cold spraying, 280, 281 
annealed coating microstructure, 
285 
as-deposited coating in the etched 
state, 283 
cold spray coating OM micrograph, 
282 
fractured surface morphologies of 
coating, 285 
duplex surface treatment 
CN, film spallation and wear, 522 
coefficient of friction curves with 
increase of normal load, 510 
effect on areas of application, 529 
wear rates, 514-15 
wear surface morphology, 511 
fretting wear against flat counterfaces, 
70 
friction trace sliding against a tungsten 
carbide ball, 62 
load bearing capacities, 528 
microhardness map after laser nitriding, 
421 
PEO coating 
cross section, 118, 120 
spark decaying and columnar crystal 
microstructure, 122 
TEM images, 119 
plasma immersion ion implantation 
potentiodynamic polarisation 
curves, 373 
SEM images of untreated sample 
and after PIII, 371 
surface hardness, 372 
positive pulse parameters effect on 
microarc oxidation coatings, 129 
pressure nitrided and CVD-coated, 524 
relative wear loss values for laser 
surface engineered surfaces, 429 
scratch test, 508 
substrate texture after PEO, 123 
untreated and plasma treated 
coefficient of friction, 512-13 
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friction-load curves for scratch tests 
on deposited CN, film, 509 
load bearing capacity of CN, films, 
509 
vs TiAl] sliding wear, 74 
water droplet erosion results from 
nitrided surfaces, 429 
weight loss vs sliding distance after 
laser nitriding, 426 
wheel wear morphologies, 64 
Ti-Nb-Ta-Zr alloy, 65 
Ti-13Nb-13Zr alloy, 570 
Ti-15V-3Cr-3Sn-3Al alloy, 555 
Ti-22V-4V alloy, 476 
Tifran, 476 
TiodizeR, 105 
titania nanotube arrays, 593-4 
titanium, 58-60, 279, 338, 455, 558, 589 
see also commercially pure titanium; 
titanium alloys 
after Ca PHI&D 
structure, 377 
titanium after SBF soaking, 378 
treated titanium SEM views, 378 
XPS depth profile of pure titanium, 
377 
annealed coating microstructure, 285 
anodised titanium, 103 
anodising, 102-5 
acid, 104 
alkaline, 105 
body implants thermal spray, 228-9 
bone fixation implants, 369 
ceramic conversion treatment, 475-97 
development, 476-7 
driver for cost-effective surface 
treatment, 475-6 
TiAl intermetallics, 487-91 
TiNi shape memory alloys, 491-6 
titanium and titanium alloys, 
477-87 
H,+H,0 PIII of pure titanium, 374 
pure titanium XPS analysis before and 
after H,+H,O implantation, 
374 
tribological properties, 479-83 
anti-galling and anti-scuffing 
capacity, 482-3 
friction coefficient, 479-80 
wear resistance, 481—2 
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titanium alloys 


see also specific titanium alloy 
ceramic conversion treatment, 477-87 
data of incorporated compounds, 404 
duplex surface treatments, 504-6 
based on plasma nitriding and CN,, 
505-6 
duplex treatment, shot peening 
and IBED CrN films fretting 
resistance, 533 
elements and compounds incorporated 
by laser processing, 418 
erosion, 430—2 
resistance of hard coatings, 430-1 
water droplet erosion, 431-2 
laser surface modification, 398-433 
effect on properties, 419-33 
laser surface alloying, 413-19 
laser surface melting and cladding, 
410-13 
lasers used in surface engineering, 
399-400 
methods, 400-5 
need for surface engineering, 
398-9 
processing conditions for surface 
engineering, 405-10 
why use titanium alloys, 398 
PHI surface modification, 369-75 
biological applications, 372-5 
influence on corrosion and 
mechanical properties, 370-2 
plasma electrolytic oxidation treatment, 
110-45 
advantages, 112 
coatings process and applications, 
132-40 
fundamentals, 113-23 
future trends, 145 
historic notes, 110—12 
new process exploration, 141-5 
power sources and process 
parameters, 123-32 
surface engineered for biomedical 
devices, 568-97 
cardiovascular devices, 570-85 
future trends, 596—7 
orthopaedics and dental implants, 
585-96 
tribological properties, 58-77, 479-83 
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anti-galling and anti-scuffing 
capacity, 482-3 
friction coefficient, 479-80 
handful of debris, 59 
wear, 76—7 
wear mitigation strategies, 77 
wear resistance, 48 1—2 
use in cycling, 553 
wear behaviour, 60-71 
a-Ti/steel tribocouple frictional 
behaviour, 67 
abrasive wear, 68-9 
adhesive wear behaviour, 61-3 
factors affecting adhesive wear, 
63-8 
fretting wear and fretting fatigue, 
69-71 
friction coefficient and d-bond 
character, 65 
load and sliding speed effect, 63 
Ti-6AI-4V friction trace, 62 
tribocontact and adhesion, 60-1 
wear track morphologies, 62 
wear of titanium-aluminium 
intermetallics, 71—5 
abrasive wear, 74 
fretting wear, 74-5 
severe material transfer, 76 
sliding wear of titanium aluminides, 
71-3 
wear track morphologies, 73 
titanium aluminides, 487 
abrasive wear, 74 
abrasive wear factor, 76 
fretting wear, 74-5 
sliding wear, 71-3 
effect of counterface materials, 75 
vs Ti-6A1-4V sliding wear, 74 
titanium carbide, 415-16 
titanium dioxide, 140 
titanium nanotube arrays, 594 
titanium nitride, 343, 345, 415, 523-6, 534 
titanium oxide films, 572—80 
morphology of platelets on Ti—O films, 
574-5 


SEM micrographs 
after 17 days implantation, 576 
after 30 days implantation, 577-8 
after 90 days implantation, 579 
total dissolved solids, 611 
transition load, 47, 49 
tribological transformed structure, 69 


vacuum plasma spraying, 191 


WC-Co, 199, 200 
HVOC coatings microstructures, 201 
microstructure of coatings deposited by 
HVOF and plasma spraying, 209 
splat deposited on flat stainless steel 
substrate, 207 
XRD of HVOC coatings, 202 
WE43 magnesium alloy, 447, 460 
WE43A magnesium alloy, 164 
wear, 43, 76-7 
mechanism mapping, 56 
mitigation strategies, 77 
titanium alloys, 60-71 
titanium-aluminium intermetallics, 
71-5 
wear maps, 52-6 
regions, 54-6 
wear tracks, 72 
micro-scale hand holding debris from 
titanium, 59 
morphologies, 62 
ploughing and cracks, 73 
wrought aluminium alloys, 41-2 


Young’s modulus, 218 


ZE4 magnesium alloy, 447, 460 
zinc, 46 

zirconia, 127 

zirconium, 16 

ZK60/SiC composite, 459 
ZL108 aluminium alloy, 135 
ZL114 aluminium alloy, 136 
ZL204 aluminium alloy, 143 
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